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FOREWORD 


This  report  was  prepared  by  Convair  division  of  General  Dynamics,  San  Diego, 
California,  under  TJSAF  Contract  No.  AF  33{615)-3779  titled  "Toughness  Data  on 
Materials  at  Cryogenic  Temperatures."  The  work  was  administered  under  the  direc¬ 
tion  of  the  Air  Force  Materials  Laboratory,  Research  and  Technology  Division,  Air 
Force  Systems  Command,  Wright-Patterson  Air  Force  Base,  Ohio,  Mr.  Marvin 
Knight,  MAAM,  Project  Engineer. 

This  report  covers  work  conducted  from  May  1968  to  June  1967  under  Project  Number 
7381  "Materials  Applications,"  Task  Number  738106  "Design  Information  Development." 
The  report  was  submitted  by  the  author  in  July  1967. 

The  Convair  division  Report  number  is  GDC-ZZL67-017. 

Mr.  Max  Spencer  of  Convair  division  of  General  Dynamics  performed  virtually  all  the 
tests  reported  under  this  program.  In  addition,  he  laid  out  specimens,  supervised 
manufacture,  fatigue  cracked  notched  specimens,  collected  data,  and  suggested  modi¬ 
fications  for  test  fixtures  and  instrumentation,  hi  short,  Max  Spencer  was  the  key  man 
in  this  program. 

Mr.  C.  J.  Kropp  of  Convair  division  not  only  provided  the  information  on  thermal 
treatment  of  the  alloys,  but  annealed  and  aged  the  alloys  as  required.  He  also  pro¬ 
vided  other  technical  assistance  both  in  testing  and  in  data  reduction  and  reporting. 

Although  obtaining  materials  for  this  program  was  unusually  difficult,  two  material 
producers  were  very  helpful  and  kind  in  supplying  alloys. 

Alcoa  supplied  the  X2021-T8  E31  aluminum  alloy  and  Kaiser  provided  the  7039-T64 
aluminum. 

Mr.  Art  Mehner  of  Convair  division  performed  the  electron  microscopy  and  analyz  1 
the  fractographs. 


Many  others  were  helpful  in  the  completion  of  this  project  including  the  AFML  projet. 
monitor,  Mr.  Marvin  Knight. 


This  technical  report  has  been  reviewed  and  is  approved. 


D.  A.  SHINN 


Chief,  Materials  Information  Branch 
Materials  Applications  Division 
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ABSTRACT 


Six  potential  aerospace  alloys  were  evaluated  for  toughness  at  liquid  hydrogen  temper¬ 
ature  (-423°  F).  They  were: 

Titanium  5Al-2.5Sn  (ELI) 

Titanium  6A1-4V  (ELI) 

INCO  718  (aged)  nickel  alloy 
Aluminum  X2021-4' 8  E31 
Aluminum  2219-T81 
Aluminum  7039-T64 

The  first  four  materials  were  0. 063-inch  thick;  the  last  two  were  0. 125-inch  thick. 
Sufficient  specimens  were  manufactured  to  evaluate  all  of  the  alloys  at  four  test  tem¬ 
peratures,  namely:  room  temperature,  -110°F,  -320°  F,  and  -423°F. 

Convair  division  has  performed  tensile,  notched  tensile,  center  notched,  and  single 
edge  notch  tests  at  -423°  F  for  all  alloys,  hi  addition,  the  INCO  718  and  X2021  aluminum 
alloys  were  investigated  at  the  three  other  nperatures.  The  Air  Force  Materials 
Laboratory  will  perform  the  remainder  o  tests  at  room  temperature,  -HOP  F,  and 
-320°F. 

An  attempt  was  made  to  obtain  both  plane  stress  ~jd  plane  strain  fracture  toughness 
data  from  the  same  center  notched  specimen.  Except  for  the  titanium  alloys,  the  net 
fracture  stress  exceeded  80  percent  of  the  yield  strength  for  all  alloys  ar-i  test  temper¬ 
atures.  In  all  cases,  the  net  stress  at  pop-ii  was  well  below  the  yiel..  strength  of  the 
material. 

The  pop-in  net  fracture  stresses  for  the  single  edge  notch  specimens  (obtained  hy  a 
strain  gaged  compliance  gage)  were  also  well  be!  v  the  yield  strength. 

Kc  and  K  jc  values  were  calculated  for  all  fracture  specimen. 

Both  the  INCO  718  and  X2021  aluminum  alloys  showed  good  toughness  properties  as 
the  temperature  was  decreased  to  -423°  F. 
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notched  tensile  specimens  (inches). 

Crack  length,  adjusted  for  plastic  zone  correction  (inches)  plane  strain 
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Kips  per  square  inch 
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Maximum  load  (kips) 
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LIST  OF  SYMBOLS  AND  ABBREVIATIONS,  Cootd 


Stress  (ksi) 

Maximum  gross  stress  (ksi) 

Net  stress  at  maximum  load  {ksi) 

Gross  stress  at  pop-in  {ksi) 

Net  stress  at  pop-in  (ksi) 

Tensile  yield  stress  (ksi) 

Poisson's  ratio 

Initial  crack  length  (inches),  CN 

Critical  crack  length  (inches),  CN,  or  crack  length  at  onset  of  rapid 
propagation 


SECTION  I 


INTRODUCTION 


This  study  is  part  of  a  program  to  attempt  to  determine  if  a  single  fracture  mechanics 
specimen  could  be  used  to  obtain  both  plane  stress  and  plane  strain  fracture  toughness. 
The  evaluation  was  performed  through  utilization  of  six  potential  aerospace  alloys  in 
thin  gauges  (0. 063  and  G.  125  inch)  as  follows: 

Titanium  5A1-2. 53n  (ELI) 

Titanium  6A1-4V  (ELI) 

INCO  718  (aged)  nickel  alloy 
Aluminum  X2021-TP  E31 
Aluminum  2219-T81 
Aluminum  7039-T64 

Tests  were  performed  at  room  temperature  and  three  cryogenic  temperatures,  -110°  F, 
-320°  F,  and  -423°  F.  This  program  is  a  Joint  effort  by  Con  /air  and  the  Air  Force  Ma¬ 
terials  Laboratory;  Conv&ir  manufactured  all  specimens  and  performed  all  tests  at 
-423°  F,  In  addition,  Convair  tested  INCO  718  and  the  X2021  aluminum  alloy  at  the 
other  three  test  temperatures.  The  X2021  alloy  will  also  be  tested  by  AFML  for  com¬ 
parison  purposes. 

In  addition  to  center  notch  and  single  edge  notch  fracture  specimens,  smooth  and  notched 
tensile  specimens  were  tested  to  establish  basic  mechanical  properties  at  the  various 
test  temperatures. 

This  report  covers  the  work  dona  by  Convair  only.  It  is  anticipated  that  an  additional 
report  will  be  published  at  the  conclusion  of  the  testing  by  the  Air  Force  Materials 
Laboratory. 
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SECTION  II 


TEST  SPECIMENS 


Initially,  four  types  of  test  specimens  were  specified:  1)  tensile  test  specimens,  2) 
notched  tensile  test  specimens,  3)  center  notched  fracture  mechanics,  and  4)  another 
specimen  specified  only  as  a  Kjc  test  specimen.  After  the  program  was  underway  and 
some  results  were  obtained  it  was  decided  to  use  a  single  edge  notch  (SEN)  specimen  for 
determination  of  Kjc  .  These  four  specimens  are  shown  in  Figures  1,  2,  3,  and  4, 

1.  MECHANICAL  PROPERTIES  SPECIMENS.  Tensile  specimens  were  standard 
ASTM  specimens  for  flat  sheet  material.  Notched  tensile  specimens  were  slightly 
narrower  with  medium  sharp  notches  designed  to  provide  a  value  of  slightly  less 
than  7. 

2.  CENTER  NOTCHED  SPECIMENS.  Design  of  center  notched  specimens  was  some¬ 
what  more  difficult  due  to  the  thickness  of  the  materials  under  test  (0.063  and  0. 125 
inch).  One  object  of  this  program  was  to  attempt  to  obtain  both  Kc  and  Kje  from  a 
single  specimen.  According  to  Srawley  and  Brown  (Reference  1),  width-to-thick- 
ness  ratios  of  the  two  types  of  specimens  are  non-overlapping  as  follows: 

K  16<  W/B  <  45 
c 

K  5  <  W/B  <  10 
IC 

For  a  given  thickness,  no  specimen  width  could  be  selected  that  would  satisfy  both  re¬ 
quirements.  Since  thin  sheet  material  was  designated  for  this  program,  it  is  more 
probable  that  conditions  of  plane  stress  would  exist.  Therefore,  to  emphasize  valid 
Kc  values,  the  greater  specimen  width  was  chosen.  In  addition,  for  simplification,  all 
specimen  widths  were  to  be  the  same  regardless  of  thickness.  Center  notches  were  cut 
with  an  electrical  discharge  machin  "trior  to  notch  sharpening  by  tension-tension  fa¬ 
tigue  at  about  20  percent  of  yield  strength  (Figure  5).  Again,  according  to  Srawley  end 
Brown,  the  exact  machine  cut  configuration  is  relatively  unimportant  as  long  as  the 
notch  is  extended  by  low  stress  fatigue.  The  ASTM  concurs  (Reference  2)  as  shown  in 
Figure  6.  Some  differences  in  opinions  are  prevalent  concerning  the  total  length  of  the 
notch.  Prior  to  July  1966,  ASTM  recommendations  suggested  a  notch  length  between 
3(1  and  40  percent  of  the  specimen  width  (Reference  3). 

At  the  ASTM  National  Convention  in  July  1966,  Brown  and  Srawley  presented  a  draft 
of  a  report  that  suggests  that  the  crack  length  should  be  50  percent  of  the  specimen 
width.  (Subsequently,  a  great  deal  of  this  report  was  published  as  an  ASTM  Technical 
Publication,  Reference  4.) 
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Figure  1.  Tensile  Specimen 


NOTE;  ALL  DIMENSIONS  IN  INCHES. 


NOTCH  DETAIL 

Figure  2.  Notched  Tensile  Specimen 


TIP  RADIUS 
0.  005  MAX. 


NOTE:  ALL  DIMENSIONS  IN  INCHES. 
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Figure  3.  Center  Notched  Specimen 
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Figure  5.  Titanium  Center  Notched  Fracture 
Mechanics  Specimen 
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SPECIMEN  CENTER  LINE 
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I 
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NOTE:  THE  DIMENSIONS  SHOWN  (IN  INCHES)  ARE  FOR 
A  3-INCH-WIDE  SPECIMEN.  ENVELOPES  FOR 
OTHER  SIZE  SPECIMENS  ARE  ADJUSTED  USING 
THESE  PROPORTIONS. 


Figure  6.  ASTM  Recommended  Acceptable  Center  Crack  Envelope 
(Reference  1) 

Aside  from  theoretical  considerations,  there  are  advantages  to  using  a  larger  crack 
length  as  far  as  testing  is  concerned.  For  example,  a  larger  crack  minimises  the 
changes  that  the  specimen  will  tell  in  the  pin  hole  or  grip  section.  As  a  consequence, 
an  attempt  sms  made  to  obtain  a  crack  length  that  approached  40  percent  of  the  specimen 
width. 

3.  TEST  SPECIMENS.  The  most  logical  specimen  for  determination  of  In 
thin  sheet  materials  is  the  single  edge  notch  (SEN)  tensile  specimen.  Actually  no  speoi- 
men  configuration  can  meet  all  the  requirements  of  the  various  organisation*  (e.g. 
ASTM)  or  investigators  as  ter  as  plane  strain  of  sheet  materials  is  concerned.  Obvi¬ 
ously,  round  notched  tensile  specimens  cannot  be  fabricated  from  0. 063-inch  thick 
sheet.  Notch  bend  specimens  are  also  quite  difficult  to  fabricate  from  such  thin  ma¬ 
terials.  As  ter  as  the  surface  flaw  specimens  are  concerned,  it  is  extremely  difficult 
to  Induce  a  tiny  perfectly  shaped  aemisllipUcal  flaw  in  the  surface  of  the  thin  materials 
investigated  under  this  program. 
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According  to  Brown  and  Srawley  (Reference  4),  the  minimum  thickness  for  adequate 
Kjc  testing  is  obtained  by  the  equation: 


B  =  2. 


where 

B  =  specimen  thickness  (inches) 

Klc  =  plane  strain  fracture  toughness 

a  =  tensile  yield  strength 
ys 

Where  the  Kjc  approaches  the  yield  strength,  the  required  thickness  is  2.5  inches. 

Such  a  requirement  almost  automatically  rules  out  the  possibility  of  testing  sheet 
materials  under  conditions  of  plane  strain.  Prior  work  by  Srawley  and  Brown  (Refer¬ 
ence  1)  placed  no  such  restriction  on  SEN  specimens,  but  merely  set  limits  an  its 
wkPh-to-thickness  ratio.  Tuey  suggested: 

W 

4  <-  <  8 

For  a  l/8-inch  thick  material  the  specimen  width  would  vary  from  1/2  to  1  inch  and 
for  a  thickness  of  0.063  inch,  the  specimen  would  be  wider  than  1/4  but  narrower  than 
1/2  inch. 

With  these  values  in  mind,  a  specimen  width  of  1/2  inch  was  selected  for  all  alloys 
and  thicknesses.  Hanna  and  Steigerwald  (Reference  5)  widen  the  range  somewhat  (2 
to  12),  so  that  such  a  ecimen  would  be  acceptable  under  their  criteria. 

The  same  general  comments  about  notch  lengths  apply  to  the  SEN  specimens  as  well  as 
the  center  notched  specimens.  In  this  case,  the  machine  notch  waa  limited  to  a  depth 
of  0. 1  inch  and  the  fatigue  crack  was  extended  to  about  40  percent  of  the  width.  To 
facilitate  cracking,  it  was  convenient  io  make  a  "chevron"  cut,  45  degrees  to  the  edge 
of  the  specimen  on  both  sides  of  the  sheet.  The  resultant  triangular  crack  front  caused 
the  crack  to  start  growing  after  only  a  few  cycles. 


SECTION  m 


MATERIALS 


Alloys  for  this  pr  >gram  were  selected  in  two  thicknesses,  namely  0.063  and  0  Vltt 
inch.  In  general,  the  higher  strength  materials  were  obtained  in  the  thinner  shi... 

Except  for  the  X2021-T8  i-.ii  <Jioy,  the  aluminum  alloys  were  0. 125-mch-thick.  The 
following  materials  were  tested: 

Titanium  6A1-4V  ELI,  B  =  0.063  inch 
Titanium  5Al-2.5Sn  EU,  B  =  0.063  inch 
INCO  718  Nickel  Base  Alloy,  B  =  0.063  inch 
X2C:i-T8  E31  Aluminum,  B  =  0.063  inch 
2219-T81  Aluminum,  B  =  0. 12a  inch 
7039-T64  Aluminum,  B  =  0. 125  inch 

Chemical  compositions  for  these  alloys  are  listed  in  Table  |. 

Both  of  the  titanium  alloys  were  tested  in  the  annealed  condition.  However,  due  to  the 
unavailability  of  annealed  material  in  the  0.063-inch  thickness,  the  Ti  6A1-4V  ELI 
alloy  was  annealed  by  Convair  division  using  the  following  procedure,  recommended 
by  TMOA: 

a.  Material  was  placed  in  a  vacuum  retort  (10-3  torr). 

b.  Retort  with  parts  were  heated  to  1350  ±  2^F. 

c.  Parts  were  held  at  temperature  for  4  hours. 

d.  Parts  were  slow  cooled  (3<f  F/hr)  to  1050°F. 

e.  Parts  were  air  coolod. 

After  annealing,  the  material  was  given  a  light  pickle  (hydrofluoric-nitric  *cid)  to  re¬ 
move  a  scale  that  was  formed  during  the  thermal  treatment.  The  resultant  material 
was  In  the  dead  annealed  condition  when  tested.  Although  titanium  alloys  are  frequently 
ob.  ned  in  the  miti  annealed  condition  (as  was  the  Ti  5AI-2.5Sn,  ELI),  the  sheets  are 
untally  worked  slightly  by  the  mill  to  obtain  the  required  flatness.  It  is  the  experience 
of  Convair  division  that  mill  annealed  titanium  is  slightly  stronger  than  the  dead  anneal*] 
material.  Both  of  the  alloys  were  obtained  in  the  Extra  Low  Interstitial  (ELI)  grade. 

The  nickel  base  alloy  INCO  718  supposedly  was  supplied  ir.  the  20-percent  cold  rolled 
and  aged  condition.  After  iensfle  specimens  were  fabricated  and  tested  at  -423C'F,  (no 
room  temperature  tests  were  supposed  to  be  made  according  to  the  original  work 
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Table  I.  History  and  Chemical  Analysis  of  Test  Materials 


TITANIUM 

INCO 

ALUMINUM 

Alloy 

6A1-4V  ELI 

5Al-2,5Sn  EU 

718 

X2021 

2219 

7039 

Temper 

Annealed* 

Mill  Annealed 

Aged* 

T8  £31 

T81 

T64 

Gauge 

0,063  in. 

0.065  in. 

0.063  in. 

0.063  in. 

0.125  in. 

0.125  in. 

Supplier 

TMCA 

TMCA 

Alcoa 

Alcoa 

Kaiser 

Heat  No. 

D-9890 

D-9453 

7758  EV 

Lot  106-597 

Lot  182261 

eclfication 

MIL-T-9046D 

RBO  170-039E 

MIL-A-8920 

Hardness 

78.0 

76.1 

82.0 

54.0 

54.7 

52.7 

(15  N) 

Chemistry 

(Wt.  %) 

A1 

6.0 

5.0 

0.60 

BAL 

BAL 

BAL 

B 

0.006 

C 

0.023 

0.026 

0.07 

Co 

0.05 

Cd 

0.05-0.20 

Cu 

0.01 

5, 8-6. 8 

5. 8-6. 8 

0. 1  max 

Cr 

19.53 

0.15-0.25 

Fe 

0.07 

0.15 

BAL 

0.30  max. 

0.30  max. 

0.4  max. 

H 

0.008 

Mg 

0.007 

0.02  max. 

0.02  max. 

2. 3-3.3 

Mn 

0«  VI 

0.20-0.40 

0.20-0.40 

0. 1-0.4 

max. 

Mo 

3.05 

N 

0.012 

Ni 

52.07 

0 

0.12 

0.09 

P 

0.001 

s 

0.007 

Si 

0.24 

0.20  max. 

0.20  max. 

0.30  max. 

Sn 

2.3 

0.03-0.08 

t; 

BAL 

BAL 

0.94 

0.02-0. 10 

0. 1  max. 

V 

3.9 

C.  05-0, 15 

Zn 

0.10  max. 

3. 5-4. 5 

Zr 

0.10-0.25 

Cb  +  Ta 

f  .32 

Other 

0.15  max. 

0. 15  max. 

(Total) 

(Total) 

•Thermal  treatment  by  Convalr  division. 
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statement),  it  became  obvious  that  the  material  was  not  processed  as  reported,  but 
was  in  the  annealed  condition.  At  that  point,  two  alternatives  were  possible,  namely: 

1)  cold  roll  the  remainder  of  the  sheet  and  age  it  afterward,  or  2)  age  the  remainder 
of  the  specimens  and  the  sheet.  The  first  possibility  was  rejected  since  it  was  of 
value  to  keep  the  thickness  of  the  Bheet  the  same  as  the  titanium  alloys.  Furthermore, 
the  existing  tensile  specimens  could  still  be  utilized  after  aging.  Therefore,  the  IN  CO 
718  was  aged  in  accordance  with  the  following  schedule: 

a.  Heat  to  1350°F. 

b.  Hold  at  1350  ±  25°F  for  8  hours. 

c.  Furnace  cool  to  1200°F. 

d.  Hold  at  1200°F  until  18  hours  elapsed  (at  or  below  135(f  F  since  attaining  135CP  F). 

The  X2021-T?  E31  alloy  was  designed  primarily  as  a  cryogenic  material  (Reference  6). 
ft  is  very  similar  to  2219  alloy,  modified  by  the  addition  of  0. 15  percent  Cd  and  0.05 
percent  Zn.  Precipitation  of  th<?  Al-Cu  transition  phase  provides  the  basic  hardening. 
The  nucleation  of  this  phase  is  assisted  by  the  presence  of  cadmium  and  iin.  Man* 
ganese  provides  both  grain  size  control  and  supplemental  strengthening  but  ib  limited 
to  n.  02  percent  maximum  to  avoid  the  undesirable  insoluble  Mg2Sn  phase  that  inhibits 
nucleation  of  the  precipitate. 

The  alloy  is  solution  heat  treated  at  980°F  followed  by  rapid  quenching  in  cold  water. 
Prior  to  flattening,  the  material  is  pre-aged  at  30CPF.  After  flattening,  the  alloy  is 
aged  at  325°F  for  10  hours. 

The  medium  strength,  weldable  7039  aluminum  alloy  was  obtained  in  the  T64  temper 
since  T6  was  not  available  in  the  0. 125-inch  gauge.  The  T64  temper  is  an  aging-stress 
relieving  process  specifically  designed  for  ballistic  usage. 

Weldability  and  toughness  of  2219  -T81  aluminum  alloy  have  made  this  material  a 
promising  candidate  for  use  as  a  cryogenic  tank  material  (Reference  ”).  Two  popular 
tempers  are  T81  and  T87.  The  T81,  which  is  slightly  weaker  and  more  tough,  is  heat 
treated  and  stretched  by  the  manufacturer,  then  aged  18  hours  at  35(fF. 
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SECTION  IV 
TEST  PROCEDURE 


1.  GENERAL.  Ail  alloys  were  tested  at  -423°  F.  Two  materials,  X2021  aluminum  and 
IN  CO  718,  were  tested  at  four  test  temperatures,  namely:  room  temperature,  -ll(fF, 
-320PF,  and  -423°  F.  Tests  at  -423°  F  were  conducted  while  the  specimens  were  totally 
immersed  in  liquid  hydrogen  (Figure  7).  Teats  at  “320°  F  were  performed  in  liquid 
nitrogen  while  those  at  -110°F  were  conducted  in  a  bath  of  an  alcohol -dry  ice  mixture, 

2.  TENSILE  TESTS.  Tensile  tests  were  performed  on  flat  specimens  9  inches  long 
with  a  1/2 -inch-wide  test  section  (Figure  1).  All  tests  were  performed  in  accordance 
with  Federal  Test  Method  Standard  Number  151a  and  good  engineering  judgment.  A 
class  B-l  extensometer  was  used  for  obtaining  stress-strain  curves  over  a  2-inch  gage 
length.  The  specimens  were  pulled  at  a  strain  rate  of  0.005  inch/inch/minute  up  to  the 
yield  point  and  at  a  head  travel  rate  of  0. 15  inch  per  minute  thereafter. 

The  procedure  for  testing  smooth  and  notched  tensile  specimens  is  as  follows. 

1.  Measure  specimen  width  and  thickness  for  all  specimens.  Measure  notch  radius 
and  distance  between  notches  for  notched  specimens.  Re^  ard  all  data.  Layout 
gage  marks  on  smooth  specimens  (G.  L.  3  2.0  inches). 

2.  Attach  gage  blocks  to  tensile  specimens. 

3.  Install  specimen  in  clevises  (in  cryostat,  for  cryogenic  testing). 

4.  Attach  extensometer  to  gage  blocks  (smooth  tensiles  only).  For  cryogenic  testing 
using  a  remote  extensometer,  rod  and  tube  must  fit  through  cap  of  cryostat  before 
cap  is  fastened  down.  If  no  cap  is  used,  transducer  of  extensometer  must  be  sus¬ 
pended  over  the  top  of  cryostat  (Figure  8). 

5.  For  cryogenic  testing,  attach  cap  of  cryostat  (if  needed). 

6.  Wire  extensometer  to  recorder.  Rough  zero  recorder  (smooth  tensiles  only). 

7.  ..  .nove  slack  from  loading  system, 

8.  For  cryogenic  testing,  fill  cryostat  with  fluid  and  stabilize  temperature.  Monitor 
load  on  test  machine. 

9.  When  temperature  has  stabilized,  adjust  recorder  and  test  machine  to  proper  zero. 

10.  Load  smooth  tensile  specimen  at  a  strain  rate  of  0.005  in.  /in.  /min  to  yield  and  a 
head  travel  rate  of  0.15  in. /min  thereafter. 


15 


•*}&!?#?  Sttj  %  y. 


Figure  8.  Tensile  Specimen  With  Remote  Cryogenic 
Extensometer .  .Uched 
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11.  Load  notched  tensile  specimen  at  a  head  travel  rate  of  0.05  in.  /min. 

12.  After  failure,  remove  fractured  specimen  from  machine. 

13.  Observe  fracture  surface  and  record  unusual  appearance. 

14.  Lay  parts  of  smooth  specimens  together  on  a  f  at  surface.  Carefully  measure 
distance  between  gage  marks  for  elongation  purposes.  Record. 

15.  Remove  stress  strain  curve  from  recorder  (smooth  tensiles)  and  record  ordi¬ 
nates,  specimen  identification,  specimen  dimensions,  date,  test  temperature, 
and  operator's  initials. 

16.  Determine  yield  and  ultimate  strengths,  elongation,  and  modulus  of  elasticity  for 
smooth  tensiles.  Record  on  stress-strain  curve. 

17.  Determine  notched  tensile  strengths  for  notched  tensile  tests. 

3.  CENTER  NOTCHED  SPECIMENS.  Usually,  dimensions  of  the  center  notched 
specimens  were  measured  prior  to  fatigue  notch  sharpening.  Nevertheless,  width, 
thickness,  and  total  crack  length  were  measured  accurately  before  commencing  with 
static  fracture  tests. 

The  brackets  for  containing  the  compliance  gage  were  carefully  attached  making  sure 
f  at  the  clamps  were  parallel.  Mechanical  doublers,  designed  to  provide  clamping 
pressure  as  well  as  to  serve  as  clevises  (Figure  9),  were  fastened  to  the  ends  of  the 
specimens.  At  this  time  the  compliance  gage  was  installed  into  the  brackets  (Figure 
10).  For  room  temperature  tests  it  is  not  necessary  to  install  the  gage  until  after  the 
specimen  is  installed  in  the  tensile  machine.  However,  since  such  a  procedure  is 
practically  impossible  at  cryogenic  temperatures,  and  since  uniformity  of  procedure 
was  desirable,  cryogenic  procedures  were  used  at  room  temperature. 

After  the  gage  was  installed  on  the  specimen,  the  gage  was  wired  to  a  Moselly  X~Y 
plotter  (Figure  11).  The  load  cell  of  the  tensile  test  machine  also  was  connected  to  the 
plotter.  A  predetermined  power  input  was  impressed  an  the  gage,  and  the  instrument 
was  zeroed.  (Note:  Compliance  gages  were  calibrated  at  each  temperature  for  various 
impressed  voltages.  The  calibration  fixture  is  shown  in  Figure  12.  Such  calibrations 
provide  an  idea  aa  to  the  scale  factor  on  the  plotter  to  provide  a  suitable  load  deflection 
curve.  Often,  the  larger  voltages  for  testa  at  -423°  will  beat  the  strain  gages  to  the  ex¬ 
tent  that  the  liquid  hydrogen  boils  with  such  vigor  that  a  wiggly  curve  results.  Under 
these  conditions,  some  compromise  must  be  made  between  gags  output  and  the  noise 
due  t«.  hydrogen  boiling.  Convair  division  found  that  a  proper  input  could  be  found  to 
provide  a  more -than -adequate  gage  output.) 
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Figure  20.  Center  Notched  Spedttv  *ith  Mechanical  Doubler* 
and  Improved  Compliance  Cage  Attached 


Figure  11. 


Typical  X-Y  Plotter 


* 


'Mfc*sS&r 
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The  ipecimen,  with  gage  attached,  was  then  installed  in  the  tensile  machine.  After  in¬ 
stallation,  the  X-Y  plotter  was  re-zeroed  as  required. 

After  the  gage  output  was  verified,  an  increasing  tensile  load  was  applied  to  the  speci- 
ment  until  failure  occurred.  If  any  sounds  were  detected  during  loading,  an  appropriate 
note  was  made  on  the  load-deflection  curve.  After  die  specimen  failed,  the  X-Y  plotter 
was  switched  off  and  fhe  fractured  pieces  removed  from  the  machine.  For  tests  in 
liquid  hydrogen,  it  was  nocessary  to  boil  off  all  hydrogen  prior  to  removal  of  the  speci¬ 
men.  For  tests  at  -3 2(f  F  and  — IICP  F,  it  was  possible  to  remove  die  fractured  speci¬ 
men  from  the  cryogenic  fluid  without  removing  the  fluid  from  the  container.  Upon 
removal  from  the  cryostat,  the  specimen  was  warmed  and  the  fractured  surface  was 
examined  to  determine  critical  crack  growth. 

4.  SINGLE  EDGE  NOTCH  (SEN)  TESTS.  Inasmuch  as  it  was  necessary  to  obtain 
for  both  center  notched  and  single  edge  notch  (SEN)  specimens,  the  procedures  were 
virtually  the  same.  The  only  differences  were  of  accessory  equipment  (clevises,  com¬ 
pliance  gage  clampt '  and  treatment  of  crack  growth. 

5.  INSTRUMENTATION 

a.  Extensomeier.  As  has  been  reported,  all  tensile  tests  were  performed  using 
a  Conv&ir  division  developed  cryogenic  ex  ten  so  me  ter  (Figure  8).  The  basic  elements 
of  this  instrument  are  a  rod-in-tube  device  that  is  inserted  through  tho  cap  of  the  cryo¬ 
stat  to  attach  to  the  damps  on  die  specimen,  and  a  standard  tensile  ma«.  \ulj  transducer 
that  is  wired  directly  to  the  drum  recorder  of  the  machine. 

Although  an  axtenso meter  of  this  net  re  is  quite  satisfactory,  submerged  strain  gaged 
instruments  can  also  be  used  for  this  task. 

b.  Complianc  ■  Gage.  Convair  division  has  used  £  band  type  compliance  gage  fitted 
with  strain  gages  (Figure  9)  for  previous  studies.  However,  just  prior  to  testing  on  this 
program,  an  improved  strain  gaged  instrument  was  perfected  (Figure  1G>  that  has  greater 
stability  at  -423°F  and  better  output  at  all  test  temperatures.  These  gages  were  cali¬ 
brated  at  each  test  temperature  u«tag  the  following  procedure: 

1.  Wire  die  gage  into  a  Wheatstone  bridge  circuit  (similar  to  that  ahoom  in  Figure  13). 

It  is  convenient  to  use  a  recorder  that  is  to  be  used  during  actual  testing  in  order 
to  observe  the  best  scale  factor  setting. 

2.  Fit  the  gage  into  a  calibration  device  (as  in  Figure  12)  that  permits  adjustment  of 
the  gage  deflection  remotely,  along  with  a  suitable  linear  readout  instrument.  (A 
dial  gage  is  quite  satisfactory.) 
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3.  Select  an  excitation  voltage  (less  than  5  volts)  on  the  power  supply  and  zero  the 
recoruer. 

4.  Insert  the  compliance  gage  ei  I  of  the  fixture  iu  the  test  temperature  fluid. 

5.  Reset  the  recorder  at  a  convenient  zero  point. 

6.  Deflect  the  compliance  gage  so  that  the  dial  gage  reads  an  even  increrr^n',  of  de¬ 
flection  and  observe  the  corresponding  change  on  the  recorder. 

7.  Repeat  Step  6  until  five  or  six  points  are  observed. 

6.  Reverse  the  direction  of  deflection  in  the  same  increments  until  the  original  dial 
gage  reading  is  obtained.  (Slight  slippage  in  the  mechanical  linkage  can  cause 


errors  in  calibration,  ft  is  prudent  to  average  out  these  errors.) 

9.  Adjust  the  excitation  voltage  up  or  down  depending  on  the  desired  recorder  output 
and  the  noise  in  the  output. 

10.  Repeat  the  calibration  (Steps  5  through  8)  for  the  new  excitation  voltage. 

U.  Adjust  the  excitation  voltage  for  optimum  operation  and  repeat. 

Acutal’y  such  a  calibration  is  unnecessary  for  determination  of  pop-in  for  K,c  testing. 
However,  if  it  is  desired  to  obtain  ~  plot  of  compliance  variation  with  crack  length, 
such  a  calibration  is  useful.  Even  if  a  compliance -crack  length  plot  is  not  needed,  it 
is  helpful  to  determine  the  optimum  excitation  voltage  before  tenting  commences. 


SECTION  V 


REDUCTION  OF  DATA 

1.  MECHANICAL  PROPERTIES.  The  following  properties  were  obtained  from 
tensile  test  data:  ultimate  tensile  strength  (F^),  0. 2-percent  offset  yield  strength  (F^), 
percent  elongation  for  a  2-inch  gage  length  (e),  and  modulus  of  elasticity  (E).  From 
the  notched  tensile  tests,  notched  tensile  strength  (ultimate)  was  obtained. 

Tensile  strength  was  obtained  by  dividing  the  maximum  tensile  load  by  the  original 
minimum  net  test  section  area  of  the  smooth  or  notched  specimen. 

Modulus  of  elasticity  was  determined  by  measuring  the  slope  of  a  line  drawn  tangent  to 
the  elastic  portion  of  the  stress-strain  curve.  After  the  tangent  line  was  established, 
a  second  line  was  drawn  parallel  to  it  at  &  scale  distance  of  0.002  inch/inch  from  the 
zero  point  of  the  stress-strain  curve.  The  intersection  between  the  stress-strain 
curve  and  the  offset  line  was  established  as  the  yield  point  and  the  corresponding  stress 
was  the  yield  stress. 

Upon  completion  of  a  tensile  test,  the  two  fractured  pieces  of  the  specimen  were  care¬ 
fully  fitted  together  and  the  distance  between  the  gage  marks  was  measured.  This 
value,  less  the  original  value,  was  divided  by  the  original  gage  length  to  determine 
percent  elongation. 

Notched  tensile  strength  is  a  function  of  the  notch  acuity.  The  specimens  used  in  this 
program  contained  a  "medium"  notch  identified  by  the  notch  factor  as  follows: 


where 

a  -  one-half  the  distance  between  notches 
r  =  the  radius  at  the  tip  of  the  notch 


(See  Figure  2  for  specimen  configuration. ) 

For  example ,  if 

0.22 

a  *  “T  '  0,11 

and 


r  =  0.00225 


K. 


r o.ii 

V 0.00225 
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2.  FRACTURE  MECHANICS  TESTS 


a.  Center  Notched  (CN),  The  experimental  approach  for  the  center  notched  tensile 
specimens  was  an  exploratory  one.  An  attempt  was  made  to  determine  both  plane  strain 
(Kjc)  and  plane  stress  {Kg)  fracture  toughness  from  a  single  test  specimen.  Without 
examining  the  theoretical  analysis  supporting  plane  strain  and  plane  stress,  it  would 
appear  that  could  be  determined  at  pop-in  and  Kg  could  be  measured  at  critical 
crack  length  or  maximum  load.  To  obtain  such  values,  a  number  of  other  values  must 
be  obtained  first.  Various  experimenters  have  set  up  criteria  for  acceptance  (Refer¬ 
ence  3)  of  fracture  toughness,  but  the  other  supplementary  values  (such  as  gross  stress) 
are  usually  unchallenged.  Therefore,  all  of  the  following  values  were  calculated  and 
are  shown  in  this  report  as  follows: 


Gross  stress,  pop-in  !  op  "  gW 


) 


Net  stress. 


>,  pop-in  |c 
Maximum  gross  stress  ^ 

{% ' 


pN  B(W-2a) 


— 1 
BwJ 


) 


Maximum  net  stress 


B  (W  -  2&  )/ 


where 


Pp  =  pop-in  load  (see  Page  50  for  determination  of  Pp) 

B  3  specimen  thickness 
W  3  specimen  width 
2a  -  initial  crack  length 
P  =  maximum  load 

2ac  3  critical  crack  length  (crack  length  at  onset  of  rapid  propagation) 
(determined  by  observation  of  fractured  surface) 


With  these  values  available,  it  follows  that  K„  and  KT  can  be  calculated  as  follows: 

Ic 
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where 

K|C  -  plane  strain  fracture  toughness 
*  plane  stress  fracture  toughness 
H  -  Poisson’s  ratio 

(Note:  Occasionally  the  term  ’’crack  Intensity  factor"  Is  substituted  for  "fracture 
toughness. ") 

These  equations  assume  elastic  conditions  at  the  tip  of  the  crack.  Since  such  conditions 
are  impossible  in  reality,  a  correction  must  be  applied.  The  plastic  zone  correction 
simply  assumes  that  the  crack  length  extends  to  the  ends  of  the  plastic  zone.  The  cor¬ 
rected  fracture  toughness  is  calculated  by  substituting  the  corrected  crack  length  for 
the  original  lengths. 

The  plastic  zone  corrections  are  calculated  as  follows: 

Plane  Strain 


Since  crack  length  is  a  function  of  Kg  and  since  Kg  is  a  function  of  the  plastic  zone  cor¬ 
rection,  it  appears  that  the  solution  to  these  equations  is  an  iterative  procesb.  How¬ 
ever,  it  is  customary  to  use  the  uncorrected  Kg  value  for  solution  of  the  plastic  zone 
correction  only  once.  The  resultant  plastic  zone  correction  is  substituted  back  into  the 
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Kjj  equation  to  obtain  the  corrected  fracture  toughness.  Both  corrected  and  uncorrected 
values  are  shown  in  the  tables  in  this  report. 

b„  Single  Edge  Notch  (SEN).  The  calculations  for  determination  of  plane  strain 
are  somewhat  similar  to  thoee  of  the  center  notched  specimens.  Prior  to  calculation 
of  K  ,  it  is  useful  to  determine  gross  stress  and  net  stress  at  pop-in  as  follows: 


ffN  "  B  (W  -  a) 

where 

P  =  load  at  pop-in 
W  3  specimen  width 
B  3  specimen  thickness 
a  3  Initial  crack  length 

Using  these  values,  Kjc  is  determined  using  the  polynomial  equation: 


where 

ji  =  Poisson's  ratio 


In  like  manner ,  the  plastic  zone  correction  is: 


where 


"  a0  + 


aQ  3  initial  crack  length 
a  3  yield  strength  of  the  material 


All  of  the  preceding  solutions  have  been  reduced  to  digital  computer  programs,  which 
were  used  for  this  study.  After  debugging,  results  were  spot  checked  manually  be¬ 
fore  tabulating. 
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SECTION  VI 


RESULTS  AND  DISCUSSION 

1.  SMOOTH  AND  NOTCHED  TENSILE  TESTS.  Mechanical  properties  obtained  from 
these  tests  are  shown  in  Tables  n  through  vm.  Variation  of  strength  with  temperature 
is  shown  for  X2021-T8  E3I  aluminum  alloy  in  Figures  14  and  15  and  for  INCO  718 
(Aged)  in  Figures  16  and  17.  ’ 

The  INCO  718  in  its  aged  condition  had  an  ultimate  tensile  strength  of  about  193  ksl  at 
room  temperature  that  increased  continuously  as  the  test  temperature  decreased  to 
-423°F  (Table  2 ,  Figure  lb;.  Published  data  on  Type  718  Nickel  Alloy  (e.g. ,  Refer¬ 
ence  8)  ia  the  30-percent  cold  rolled  and  aged  condition  show  an  increase  of  about 
40  ksi  over  the  aged  (but  not  cold  rolled)  material  at  all  test  temperatures.  The  notch- 
unnotch  tensile  ratio  is  good  for  all  test  temperatures,  the  least  desirable  being  0.97 
at  -423°F.  Table  m  presents  properties  of  INCO  718  in  die  annealed  condition  at 
-423?F. 

The  new  X2021-T8  E31  aluminum  alloy  which  has  a  room  temperature  ultimate  strength 
of  67  ksi  shows  a  continuing  increase  in  strength  to  a  maximum  of  100  ksi  at  -423°F 
(Table  IV,  Figure  14).  The  notch-unnotch  ratio  is  quite  consistent  over  all  four  of  the 
temperatures  tested  with  the  lowest  value  of  0. 93  at  -423°F.  Elongation  also  shows  a 
smooth  increase  as  temperature  decreases.  There  is  no  apparent  variation  in  tensile 
properties  with  grain  direction. 

The  other  four  alloys  tested  are  more  difficult  to  evaluate  since  tests  were  performed 
at  -423° F  only.  The  titanium  5Al-2.5Sn  (ELI)  had  a  yield  strength  of  about  210  ksl  and 
an  ultimate  strength  of  233  ksi  at  -423*  F  (Table  V).  Good  elongation  (more  than  13 
porcent)  and  notch-unnotch  ratio  (0. 91  minimum)  suggest  a  fairly  tough  material  at 
this  test  temperature. 

Although  both  ultimate  and  yield  strength  of  the  titanium  6A 1-4V  (EL!)  were  higher  than 
the  other  titanium  alloy  (Table  VI),  the  notch  tensile  strength  was  significantly  lower, 
resulting  in  an  unsatisfactory  notch-unnotch  ratio  in  both  grain  directions  (0. 75  -  0.  77). 
Very  low  elongation  at  -423*  F  strengthens  the  contention  that  this  alloy  is  brittle  at 
that  temperature. 

The  two  aluminum  alloys  tested  in  the  0. 125-inch  thickness  were  2219-T81  (Table  VH) 
and  7039-T64  (Table  Vm). 

The  2219  alloy  was  stronger  than  the  7039  at  -423*  F.  The  longitudinal  ultimate  tensile 
strength  was  about  5  percent  less  than  the  transverse  strength,  but  yield  strength, 
longs don,  and  notch  strength  were  about  the  same.  It  follows  that  the  notch-unnotch 
ratio  (0.  91)  of  the  longitudinal  material  was  higher  than  the  corresponding  value  of  the 
transverse  material.  Again  the  elongation  remained  good  (10  to  15  percent). 
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Mechanical  Properties  of  INOO  718  (Aged).  Contd 


35 


Table  HI 

Mechanical  Properr  es  of  ENCO  718  (Annealed)  at  -423*F 
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Table  IV 

Mechanical  Properties  of  X2021-T8  Aluminum  Alloy, 
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*4f 


\ 


1 

! 


? 


s 


Notch/ 

Unnotched 

Ratio 

0.95 

0.93 

Elastic 
Modulus 
(X  106  psi) 

SU  00  CO 
dan 

10.4 

10.2 

12. 1 

10.5 

10.9 

(2.0  in.) 

Elongation 

(%) 

12.0 

12.0 

13.  5 

12.5 

13.0 

12.5 

13.5 

13.0 

■ 

$  X 

1*3 

-#■<}<  <x> 

«  »  * 
CD  CD 
CD  CO  CO 

65. 8 

64.6 

64.9 

64.5 

*3t 

84.9 

85.4 

85.2 

85.2 

81.6 

81.4 

81.0 

81.3 

84.2 

84.7 

84.7 

84.5 

77.0 

79.9 

80.0 

79.0 

Thickness 

(in.) 

0.0630 

0.0630 

0.0831 

0.0628 

0.0626 

0.0625 

0.0631 

0. 0629 

0. 0629 

0. 0623 
0.0623 
0.0624 

Width 

(in.) 

0. 5055 

0.  5057 

0.  505  7 

0. 1S94 
0. 2002 
0. 2004 

0.5027 
0. 5029 
0. 5032 

0. 1970 
0. 1978 
0. 1968 

Test 

Temperature 

(°F) 

-320 

-320 

-320 

Average 

-320 

-320 

-320 

Average 

-320 

-320 

-320 

Average 

-320 

-320 

-320 

Average 

Test 

Direction 

Longitudinal  Unnotched 
Longitudinal  Unnotched 
Longitudinal  Unnotched 

^Longitudinal  Notched 
Longitudinal  Notched 
Longitudinal  Notched 

Transverse  Unnotched 
Transverse  Lnnotched 
Transverse  Unnotched 

+ Transverse  Notched 
Transverse  Notched 
Transverse  Notched 

- 

Specimen 

Number 

XL24 

XL25 

XL26 

XLN27 

XLN28 

XLN2S 

XT24 

XT25 

XT26 

XTN27 

XTN28 

XTN29 
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Mechanical  Properties  of  X2021-T8  Aluminum  Alloy,  Contd 
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Mechanical  Properties  of  X2021-T8  ESI  Aluminum  Alloy,  Cnntd 
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Mechanical  Properties  of  Titanium  6A1-4V  (ELI)  at  - 
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196 

185 
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185 
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0.0626 
0.0627 
0.0619 

0.0616 

0.0609 

0. 0613 

0. 0820 
0.0620 

0. 0630 
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0. 0579 

0.0615 

0.0607 

0.0622 

0.0636 

0.0618 

0.0642 

0.0631 

1  i 

0.4980 

0.4980 

0.4946 

0.5035 

0.  5025 
Average 

0.2005 

0. 1950 
0.2005 
0.2010 
0.2000 
Average 

0.4970 

0.5013 

0. 5022 

0. 5025 
0.5048 
Average 

0. 1957 

0.1955 

0.1980 

0. 1973 
0.2015 
Average 

Test 

Direction 

Longitudinal  unnotched 
Longitudinal  Unnotched 
Longitudinal  Unnotched 
Longitudinal  Unnotched 
Longitudinal  Unnotched 

^Longitudinal  Notched 
Longitudinal  Notched 
Longitudinal  Notched 
Longitudinal  Notched 
Longitudinal  Notched 

Transverse  Unnotched 
Transverse  Unnotched 
Transverse  Unnotched 

Transverse  Unnotched 
Transverse  Unnotched 

^Transverse  Notched 
Transverse  Notched 
Transverse  Notched 
Transverse  Notched 
Transverse  Notched 

Specimen 
-  Number 

r 

I  6L1 

1  6L7 

I  6L19 

6L14 

6L19 

6LN15 

6LN16 

6LN17 

6LN1S 

6LN19 

6T1 

6T6 

6T10 

6T14 

6T20 

6TN2 

6TN5 

6TN11 

6TN13 

6TN18 

i 


42 


6.3 


Table  VII 

Mechanical  Properties  of  2219-T81  Aluminum  Alloy  at  -42u 


9TN17  Transverse  Notched  0.198  6  0.1225  |  85.0 

9TN20  Transverse  Notched  0.2000  0.1231  87.4 

Average  85.4 


Table  VTD 

Mechanical  Properties  of  7  039-T64  Aluminum  Alloy  at  -423*  F 


6.3 


ELONGATION,  %  STRENGTH,  ksi 


Figure  14.  Variation  of  Mechanical  Properties  With  Temperature 
for  X2021-T8  E3I  Aluminum  Alloy  (Longitudinal) 


£ L>ONG ATION ,  %  STRENGTH,  ksi 


120 


Figure  1^  Variation  of  Mechanical  Properties  With  Temperature 
for  X2G21-T8  E31  Aluminum  Alloy  (Transverse) 
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El/)NOATION,  T  STRENGTH,  k/si 


ELONGATION,  %  STRENGTH,  ksi 


Figure  17.  Variation  of  Mechanical  Properties  With  Temperature 
for  INCO  718  (Aged)  (Transverse) 
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In  similar  manner,  the  longitudinal  grain  direction  of  the  7039-T64  was  slightly  weaker 
than  Hie  transverse.  For  this  material,  the  yi  aid  strength  and  notch  strength  were  also 
slightly  higher  for  the  transverse  direct*™  However,  the  notch- unnotch  ratio  for  the 
longitudinal  direction  was  higher  m.81  versus  0,88)  due  to  the  larger  differences  in 
ultimate  strengths.  Again,  the  elongation  was  a  good  10  to  11  percent. 

This  material  appears  to  be  slightly  weuKer  and  slightly  more  tough  than  the  7039-T6 
reported  by  Christian,  Yang,  and  VVitzell  (Reference  8). 

2.  FRACTURE  MECHANICS.  One  of  the  basic  objectives  of  this  program  was  to 
determine  if  both  and  Kc  could  be  obtained  from  a  single  test  specimen.  At  first 
glance,  such  a  situation  is  impossible,  since  pure  plane  strain  is  a  condition  that  ex¬ 
cludes  all  plane  stress  and  vice  versa.  However,  it  is  conce>'”able  that  a  material 
could  be  subject  to  pure  plane  strain  as  an  initial  condition,  and  then  be  acted  upon  by 
external  forces  that  would  cause  a  mixed  mode  (plane  stress  and  plane  strain).  As¬ 
suming  that  a  continually  increasing  load  would  cause  r  distribution  of  stresses  by 
some  reasonable  phenomenon  (such  as  orderly  slow  crack  growth),  it  is  then  possible 
that  plane  stress  could  exist.  There  is  little  doubt  that  such  a  situation  is  improbable. 
Nevertheless,  thin  sheet  materials  are  used  quite  frequently  at  cryogenic  temperatures 
in  the  aerospace  industry,  and  fracture  data  are  critically  needed.  Meeting  the  exact 
requirements  of  \  rious  agencies  (References  3,  5,  and  9)  is  difficult  in  some  cases 
and  impossible  in  others.  For  example,  if  the  recent  criteria  of  Brown  and  Srawley 
(Reference  1)  were  used,  the  thicknesses  shown  below  would  be  required  for  Kjp  test 
specimens. 

For  purposes  of  discussion,  consider  the  results  of  this  program  with  respect  to  the 
formula: 


For  the  alloys  in  this  program  at  ~423°F: 


YIELD  STRENGTH 
(ksi) 

Kt 

Ic 

(ksi  /iii. ) 

jSo 

ays 

/  \2 
lKu\ 

\V 

B 

(in.) 

Titanium  5Al-2.5Sn 

210 

62 

0.29t> 

0.087 

0.22 

Titanium  6A1-4V 

246 

55 

0.223 

0.050 

0. 125 

INCO  718 

207 

95 

0.48 

0.212 

0.53 

2021  Aluminum 

73.8 

36 

0.487 

0.237 

0.59 

2219  Alumir:  m 

67.2 

37.2 

0.552 

0.305 

0.76 

7039  Aluminum 

64.4 

31.6 

0.49 

0.24 

0,60 
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The  values  shown  were  selected  in  such  a  manner  as  to  provide  a  minimum  value  of  the 
thickness  (B).  Even  so,  no  material  in  this  program  approaches  being  acceptable  ac¬ 
cording  to  these  criteria.  It  is  conceivable  that  it  would  be  possible  to  teat  the  titanium 
6A1-4V  ELI  in  l/8-mch-thick  material,  but  all  the  rest  of  the  alloys  would  not  qualify 
as  sheet  material,  even  if  such  thicknesses  were  useful  in  cryogenic  pressure  vessels. 


In  a  recently  published  article  (Reference  10)  Brown  and  Srawley  I  ave  added  the  require¬ 
ment  that  the  final  crack  length  must  also  be  greatei  than  the  thickness  as  calculated 
with  the  preceding  equation.  They  have  also  suggested  a  method  of  determination  of  the 
load  that  is  used  for  calculation  of  Klc  that  is  cumbersome,  but  is  systematic  a.  d  seems 
consistent. 


The  ietermination  of  pop-in  for  the  present  program  was  derived  by  observation  of  the 
continuous  load-deflection  curve  (see  Figure  18).  The  criteria  used  were: 

Determine  if  there  is  a  definite  jog  in  the  load-deflection  curve.  Use  the  load  value 
corresponding  to  this  pop-in  for  calculation  of  plane  strain  fracture  roughness.  If  the 
jog  is  substantially  below  the  proportional  limit,  it  is  probably  a  false  indication  and 
the  proporL  nal  limit  should  be  used. 

If  there  is  no  distinct  pop- in,  use  the  proportional  limit  for  the  plane  strain  fracture 
toughness  calculation. 

The  vast  majority  of  cases  will  be  covered  by  these  critoHa.  However,  there  are 
several  other  situations  which  can  occur.  All  of  these  require  some  degree  of  engineer¬ 
ing  judgement.  Infrequently,  a  load -deflection  curve  will  be  linear  until  failure  occurs, 
in  which  case  the  ultimate  load  nrnst  be  used.  Occasional ly,  the  proportional  limit  will 
be  ill  defined.  In  this  case  it  is  convenient  to  use  an  arbitrary  offset  line  that  is  parallel 
to  the  lower  portion  of  the  curve  or  to  use  the  secant  method  proposed  by  Brown  and 
Srawlev.  In  this  program,  engineering  judgement  was  to  identify  the  proportional 
limit.  Critical  crack  length  was  determined  by  measurement  of  the  fractured  surface 
after  failure. 


A  few  curves  will  deviate  to  both  the  left  and  right  of  the  linear  portion,  making  selection 
of  pop-in  or  proportional  limit  extremely  difficult.  In  these  cases,  it  :s  prudent  to  ex¬ 
amine  the  instrumentation  for  malfunctions  and  the  fractured  specimen  for  unusual  frac¬ 
ture  modes.  After  such  examinations  are  exhausted  without  significant  discoveries,  it 
is  necessary  to  evaluate  the  specific  load -deflection  curves  with  respect  to  other  speci¬ 
mens  of  the  same  alloy  tested  under  identical  conditions.  If  such  evaluation  is  fruitless, 
the  test  should  be  discarded. 


a.  Center  Notched  Tests.  The  fracture  toughness  of  all  alloys  was  examined 
using  ce.  ter  notched  {machine  cut  and  fatigue  pre-cracked)  tensile  specimens.  Five 
each,  longitudinal  and  transverse  grain  directions,  were  tested  at  -423°  F  for  all 
alloys.  In  addition,  five  longitudinal  and  five  transverse  tests  each  were  performed  on 
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INCO  718  alloy  at  room  temperature,  --I10oF,  and  -320° F.  Three  longitudinal  and 
three  transverse  each  of  X2021  aluminum  alloy  ape-mens  were  tested  at  room  temper¬ 
ature,  110°F,  and  -320°  F  for  ourposes  of  providing  comparable  values  for  the  AFML 
testing  program.  As  in  the  mechanical  prci-erties  portion  of  this  program,  the  other 
four  alloys  were  tested  at  -423°F  only. 

Center  notched  data  for  INCO  7j  1  are  shown  in  Table  DC.  In  some  cases,  center  notched 
specimens  failed  through  the  loading  pin  hole  {rather  than  through  the  center  notch).  In 
these  tests,  Kjc  was  calculated  but  Kc  was  not,  since  no  critical  crack  length  was 
obtained. 

Since  the  calculated  Kjc  and  Kq  are  both  shown  in  a  single  table,  some  care  must  be 
used  in  selection  of  data.  For  example,  the  original  crack  length  (including  fatigue 
crack  extension)  is  shown  under  the  column  designated  "2a,"  while  the  final  critical 
crack  length  is  "2a„."  The  pop-ln  load  is  designated  as  "Pp"  and  stresses  associated 
with  this  load  contain  the  subscript  "p."  Ihe  load  at  critical  crack  length  is  designated 
"P"  but  the  gross  stress  and  net  fracture  stress  corresponding  to  this  load  are  Oq  and 
0^  respectively.  The  column  headings  and  Kc  represent  the  uncovrected  plane 
strain  and  plane  stress  respectively.  Plastic  zone  corrections  are  and  acl  for 
plane  strain  and  plane  stress,  respectively.  Finally ,  corrected  plan"  strain  fracture 
toughness  is  designated  KJc  and  corrected  plane  stress  fracture  toughness  is  Kc.  (Re¬ 
fer  to  Section  V  for  discussion  of  calculations . ) 

In  all  cases,  the  net  stress  at  fracture  for  the  INCO  718  center  notch  specimens  ex¬ 
ceeds  the  yielH  strength  of  the  material.  This  would  suggest  that  the  specimen  width 
is  too  small  and  that  the  Kc  values  are  not  valid.  However,  in  all  cases,  the  net 
stress  at  pop-in  is  significantly  less  than  yield  strength,  which  suggests  valid  plane 
strain  frac*  ire  toughness  data.  For  both  plane  stress  and  plane  strain,  hov-ever,  the 
fracture  toughness  increases  continuously  with  i  decrease  in  temperature.  In  fact, 
the  percentage  increase  in  fracture  toughness  from  room  temperature  to  -4£3°F  is 
about  the  same  for  Kc  and  Kjc  (Figures  19  and  20).  (Notice  that  the  curves  fo**  frac¬ 
ture  toughness  indicate  the  range  of  data  points  by  horizontal  uars  fperimposed  on 
the  average  value  curve.) 

Test  results  indicate  a  large  rang"  of  data  Scatter)  for  INCO  718  at  several  test  tem¬ 
perature  points.  The  fact  that  the  K_  values  are  not  theoretically  valid  for  the  3-inch- 
wide  specimen  was  not  unexpected  for  the  INCO  718  material.  Test  results  as  reported 
previously  (Reference  8)  indicated  that  Kc  values  were  not  considered  valid  in  a  4- 
inch-wide  specimen  tested  at  room  temperature,  -320°F,  and  -423°F.  In  that  study, 
the  net  fracture  stresses  were  somewhat  lower  for  all  test  temperatures  than  the  cur¬ 
rent  studies.  However,  in  all  cases,  the  gross  stresses  for  the  3-inch  specimens  tested 
in  the  current  program  were  U,wer  than  those  reported  for  the  4-inch  specimens  in  the 
prior  program.  Uncorrected  values  were  similar  for  tne  two  programs. 
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Table  IX 

Plane  Stress  (Kc)  and  Plane  Strain  (Kje)  Fracture  Toughness 
for  INCO  718  (Aged)  Using  Center  Notched  Specimens 


I  *1 
!  £ 


Jl  «  „  . 

T- 


8  * 
h 


K\ 


n 

t 

In 

5, 
•Ml 

Z 

a 

t  _ 

I  s' 3 

E  - 

35 


Hi 


^5  5 


^  C- 
•  *  » 
lA  9)  (A 

«o  eo  pm 

WWW 


3522  523333!  iv!"! 

aaSaasaaasSSsaasIS^iSSsa'gEgsssigjp 


111  IllP.I.SiiilililllllslllIIlllliiisse 


v 

©  d  d 

CO  «*•  CSI 

WWW 


©  ©  o  «■*  o  d  © 


©  o> 
o  © 


o  6  6  o  o  o  o  o'  o  o'  o'  o 


oo  ao  oo  qo  oc  qo 


ooooodoo 


o  o  o 


heoaoesaa-aj),),. 


aaatsaaaaSnaSgggzssssgssgssssfi^^ifffiiE 


! 


in 

»n 

oo 

© 

"T 

<r 

m 

« 

m 

3  3 

© 

© 

© 

© 

© 

m 

t« 

*2  ^ 
©  00 

© 

▼ 

© 

© 

© 

© 

© 

CO 

© 

© 

© 

C* 

© 

© 

© 

CM 

m 

h* 

CO 

© 

to 

© 

♦ 

© 

c< 

•M1 

8 

•r 

© 

r 

s 

© 

8 

c 

o 

o 

<79 

o 

CM 

© 

© 

8 

h> 

© 

r» 

© 

S 

f- 

© 

ao 

© 

r-  d 
©  © 

C* 

© 

r— 

© 

ae> 

© 

© 

© 

CM 

© 

CM 

© 

d 

© 

© 

© 

© 

© 

© 

© 

O 

oo 

© 

N 

© 

t 

© 

© 

© 

«# 

© 

i> 

© 

© 

«>•' 

© 

© 

on 

CM 

<» 

t- 

CM 

00 

CO 

© 

© 

— 

© 

00 

© 

© 

© 

© 

© 

t- 

t'- 

O 

© 

© 

© 

e* 

„ 

T 

r> 

_ 

_ 

CO 

CM 

© 

CM 

CM 

© 

661 

201 

r* 

00 

•9* 

09 

CM 

© 

l> 

© 

e- 

© 

© 

© 

© 

© 

c— 

ao 

© 

© 

"T 

© 

© 

in  © 
©  c- 

in 

© 

N 

© 

© 

© 

© 

© 

© 

© 

d 

© 

© 

© 

r- 

CM 

r- 

7** 

3 

© 

C- 

CM 

1- 

CM 

© 

© 

© 

i 

d 

*r 

CO 

© 

© 

© 

CM 

© 

© 

S 

00 

«r 

m 

CM 

cn 

*n 

© 

«> 

co 

© 

t- 

— 

© 

CM 

P- 

«  mm 

CM 

CO 

•n 

CO 

© 

© 

© 

© 

n 

© 

© 

•r 

© 

© 

mm 

N 

© 

© 

CM 

CO 

eo 

m 

I-* 

-V 

l> 

167 

CM 

o 

d 

d 

ri 

© 

s 

© 

M* 

US 

© 

© 

© 

m 

an 

CO 

© 

n 

®  d 

M*  "T 

CM 

M> 

c- 

© 

© 

on 

© 

wM 

© 

© 

©' 

d 

© 

© 

t- 

CM 

© 

mt 

d 

«C 

© 

d 

© 

«0 

d 

© 

mm 

© 

CM 

CM 

CM 

d 

d 

CM 

© 

CM 

•n 

CM 

o 

c 

£ 

CM 

m 

© 

00 

CM 

© 

o 

o 

*r 

CM 

s 

w 

© 

UJ 

-A 

N 

r-% 

c- 

CO 

© 

© 

O 

c- 

o 

© 

m 

© 

© 

© 

3 

w 

8 

S  S 

f- 

•<r 

© 

CM 

3 

© 

© 

© 

S 

CM 

8 

M 

© 

CO 

S 

© 

CM 

CM 

© 

3 

8 

© 

© 

© 

CM 

CM 

3 

© 

© 

© 

© 

© 

£ 

CM 

•r 

8 

© 

ci 

© 

CO 

4 , 

1  . 

1 , 

4  . 

4  , 

*  ’ 

4  , 

4 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

t- 

© 

r* 

© 

N 

N 

t- 

© 

© 

t- 

c* 

o’ 

o 

o 

© 

© 

O 

O 

© 

© 

© 

c* 

© 

© 

© 

©  © 

© 

d 

© 

d 

© 

© 

© 

© 

© 

© 

© 

d 

© 

c 

© 

© 

d 

o 

d 

© 

© 

© 

© 

09 

o 

*n 

o 

CJ 

o 

4> 

CM 

© 

© 

© 

r- 

CO 

cm  m 

mm 

© 

© 

© 

© 

© 

n 

CM 

© 

o 

© 

© 

CO 

CM 

c- 

© 

r- 

© 

© 

© 

© 

d 

rr 

n- 

o 

— 

© 

T 

© 

© 

OO 

o 

a. 

© 

©  © 

d 

© 

r* 

© 

© 

© 

1- 

CM 

•0 

in 

eo 

■c  c 

« 

»r 

© 

© 

t/9 

«n 

CM 

O 

•r 

© 

— 

© 

CM 

CM 

mm 

CM 

CM 

CM 

*r 

© 

*T 

«* 

«r 

'JO 

CM 

CM 

© 

'D 

M 

O 

§ 

© 

CO 

CM 

f 

CM 

*o 

© 

© 

CM 

8 

CO  CM 
©  cm 

8 

© 

CO 

© 

© 

© 

© 

3 

© 

© 

© 

C- 

•» 

*n 

© 

© 

© 

8 

© 

© 

CM 

CO 

© 

© 

CM 

mm 

© 

3 

© 

CM 

CM 

© 

3 

3 

CM 

© 

CO 

© 

in 

*t 

— < 

© 

© 

CM 

© 

© 

© 

aN 

i- 

© 

©  d 

CO 

uo 

© 

© 

d 

d 

8 

o 

if 

8 

09 

09 

r* 

© 

t- 

00 

i- 

© 

c- 

t*  c* 

N 

t- 

r- 

i» 

I- 

t- 

© 

© 

N 

t- 

© 

© 

© 

© 

© 

© 

© 

© 

o 

09 

o 

© 

© 

© 

CO 

t- 

«* 

© 

© 

© 

© 

CM  © 

© 

m 

© 

•r 

© 

© 

© 

•c 

© 

© 

© 

© 

© 

O 

CO 

© 

<0 

CM 

▼ 

09 

l- 

CM 

1- 

m 

in 

00 

CM 

© 

•V 

© 

CD 

w 

r- 

©  CM 

T 

© 

d 

© 

o 

3 

s 

8 

CO 

aa 

f 

CO 

Cl 

CM 

CO  CO 
mm  mm 

n 

w 

© 

CM 

mm 

CO 

© 

© 

CO 

© 

CO 

vo 

CO 

**N 

© 

a*N 

mm 

a* 

o 

© 

s 

© 

00 

© 

f- 

s 

CM 

r- 

*» 

*o 

o 

t- 

r» 

© 

c- 

© 

© 

© 

3  3 

« 

© 

© 

h- 

© 

© 

© 

© 

r- 

© 

© 

© 

© 

© 

© 

© 

u> 

© 

© 

O 

© 

© 

© 

r- 

V 

© 

© 

s 

CM 

© 

© 

© 

© 

© 

CM 

© 

© 

© 

** 

© 

T 

" 

* 

*"• 

— 

mm  ~ 

•• 

-* 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

- 

- 

d 

o 

m 

•ft 

t' 

s 

© 

CM 

o 

CM 

S 

© 

© 

© 

© 

o 

CO 

© 

© 

© 

—  © 

m 

O 

© 

© 

© 

CO 

© 

© 

© 

© 

© 

© 

CO 

40 

iC 

© 

CM 

CM 

© 

■v 

CM 

3 

© 

e0 

© 

f* 

09 

09 

09 

© 

CM 

<J0 

© 

© 

00 

© 

00 

« 

© 

00 

OD 

c  r> 

© 

ao 

00 

N 

oo 

n- 

© 

n- 

pm 

d 

d 

d 

« 

d 

d 

d 

d 

t- 

•m 

d 

d 

mm 

© 

© 

© 

o 

O 

o 

© 

..V, 

© 

© 

© 

o 

© 

© 

© 

© 

© 

o  © 

© 

o 

© 

© 

o 

© 

O 

© 

© 

© 

© 

© 

© 

© 

o 

© 

o 

o 

o 

© 

© 

o 

o 

00 

o 

CM 

d 

o 

w 

at 

o 

w 

oo 

o 

w 

207 

© 

<M 

r- 

o 

CM 

o 

© 

CM 

1- 

© 

CM 

d 

© 

© 

•© 

© 

© 

d 

© 

d 

© 

W  CM 

m  © 

pm  mm 

W 

© 

CM 

© 

CM 

© 

CO 

C~ 

d 

r* 

CO 

D- 

M 

r» 

mm 

CO 
r  • 

c» 

n» 

i* 

n- 

i* 

mm 

3  S 

•n  mm 

d 

© 

s  s 

a^  mm 

d 

© 

d 

© 

pm 

d 

© 

d 

© 

d 

© 

: i 

§ 

00 

© 

CM 

© 

m 

© 

© 

1* 

r» 

T 

co 

© 

o 

© 

© 

© 

CM  O 

© 

W- 

© 

© 

n 

CM 

it. 

« 

© 

Ml 

© 

© 

CO 

T 

© 

© 

© 

© 

CM 

© 

to 

© 

oo 

b»' 

N 

in 

in 

d 

© 

© 

CO 

d 

d 

eo 

CO 

d  d 

"C 

CO 

•f* 

CO 

d 

d 

O* 

© 

J 

CM 

J 

• 

" 

“ 

m 

in 

© 

CO 

CM 

© 

© 

© 

© 

b» 

CD 

m 

© 

©  c- 

© 

r» 

© 

t- 

© 

© 

C- 

o» 

© 

© 

© 

o 

O 

«r 

O 

© 

© 

© 

3 

t 

T 

© 

-r 

•c  *r 

•r 

*c 

•r 

M* 

•r 

T 

-c 

.0 

*r 

© 

eo 

•r 

"T 

'T 

— 

— 

a* 

— 

— 

— 

— 

— 

— 

— 

— 

*- 

— 

— 

mm  mi 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

aa 

fH 

??lfl®!2®!2®O(C«AiAi»enHOhfli»fli0Nfl>O'*Nifl 
n'jfjrtfrtfiwpirtnn-’nnt-  —  —  —  -  -  -- 

ddddddod 


A  A  A  f 


CMcococo'rcM^ncotococM 

SoSoSSoloeoS 


O  W  CM  Cl 


0  0  0  0  0  3  0 


CM  M  W  CM  W 


2  *> 


oooooooo 


MtOiAWIiAtOiAifliO  • 

♦  ♦♦♦♦♦♦♦-♦■a! 

O 


’  C?  " 

3  5  5  H 


|  S  S  §  2  If  ^ 

«<  rt  ~  *  ~ 


*333 

H 


§  3  a  § 


sf  ?  r  * 


35 


3  3 


S  3  2  § 

2 1  e  £ 


s  r  sp 

353 


inn 

SsSSSsSgSSgSSSGSBissSScgssSgSSeSBgSgiB. 


53 


Note-.  All  KIc  values  shown  in  this  table  were  obtained  from  nonstandard  ASTM  specimens. 


K|c  ,  ksi  v^In. 


It  appears  tl.at  a  3-inch -wide  specimen  is  not  wide  enough  for  acceptable  plane  stress 
fracture  toughness  values.  From  a  net  strength  to  yield  strength  relationship,  how¬ 
ever,  it  appears  that  acceptable  plane  strain  fracture  toughness  data  can  be  obtained 
from  such  a  specimen.  (Mote  that  only  four  longitudinal  specimens  were  tested  at 
-423  F.  Two  other  specimens  Tailed  through  the  pin  holes  during  fatigue  crack 
extension, ) 

The  maximum  net  fracture  stress  for  X2021-T8  E31  ranges  from  82  to  102  percent  of 
yield  strength  (average  values)  for  the  same  size  specimen.  This  ratio  increases  con¬ 
tinuously  from  room  temperature  to  -423°  i  'Table  X).  At  the  same  time,  all  other 
values  (net  and  gross  stress,  K^,)  increase  as  the  temperature  decreases.  A  fairly 
large  amount  of  scatter  in  Kc  was  observed  at  -11(PF  for  „nis  material  due  to  differ¬ 
ences  in  the  maximum  load  (Figure  21).  (It  should  be  remembered  thit  only  three 
specimens  were  tested  at  each  test  temperature  —  and  grain  direction  —  except  at 
-423CF  where  five  specimens  —  each  —  were  tested, )  (See  Figure  22. ) 

Again,  as  in  the  case  of  INCO  718,  the  net  stress  at  pop-in  is  well  below  the  yield 
strength  of  the  material.  At  -423JF,  the  transverse  Kc  is  greater  than  the  longitudinal 
due  to  large  critical  crack  length.  However  the  Kjc  values  are  reversed  at  this  tem¬ 
perature.  Again  the  data  s  'tter  is  fairly  large  and  since  only  three  specimens  were 
tested  at  most  temperatures,  it  is  risky  to  make  use  of  average  values. 

Scatter  in  fracture  data  is  no*  uncommon.  In  the  round  robin  testing  performed  for  the 
ASTM  and  repor  ted  by  Heyer  (Reference  3),  various  laboratories  reported  scatte.  in 
notched  strength  (both  edge  notched  and  center  notched  tests)  that  frequently  exceeded 
25  percent.  In  view  of  such  widespread  scatter,  the  data  presented  i.t  the-  program 
appear  to  be  better  than  the  majority  of  the  data  obtained  in  the  ASTM  program. 

4s  in  the  tensile  vtimr  r>rovr.-»m  >He  of  the  -Toys  were  tested  at  -423'  F  only, 
which  made  t  valuation  qidte  difficult.  Nevertheless,  it  is  possible  to  consider  the  re¬ 
lative  merit  -  of  plane  stress  and  plane  strain  for  each  alloy  at  one  temperature. 

As  in  the  c-it r  alloys,  the  net  fracture  stress  of  the  2219-TH  aluminum  wag  greater 
than  the  yield  strength  at  -423  F  (Table  XI).  Again,  the  net  stress  at  pop-in  was  below 
the  yield  strength  of  the  material.  Hitman  and  Ilawe  of  Douglas  report  p’nne  stress 
fracture  toughness  for  2219-T*7  aluminum  alloy  (transverse)  0, 063-inch-thick,  Id- 
inch -wide  center  cracked  specimens  of  about  90  ksi  yin.  and  net  fracture  stresses  of 
about  42  ksi.  At  the  same  time  th  ■  gross  stress  reported  (26  ksi)  was  also  somewhat 
less  than  the  gross  stress  observed  in  the  3-inch-wide  specimens  of  the  current  pro¬ 
gram.  Others  (Reference  •»)  « eport  uncorrected  Kc  values  of  63  ksi  >/Tn.  for  0.063- 
inch  sheet  at  -423  F. 

1  he  corrected  Kjc  values  average  between  50  and  55  ksi  yTn.  with  about  a  10-percent 
scatter.  It  should  be  noted  here  that  one  each  longitudinal  ajxi  transverse  specimens 
(No.  91.014  arid  9TC)  are  designated  as  calibration  specimens.  These  tests  (and 


Plane  Stress  (Kc)  and  Plane  Strain  (Krc)  Fracture  Toughness  for  X2021-T8  E31 
Aluminum  Alloy  Using  Center  Notched  (CN)  Specimens 


_[  a 

as 


S  K  J2 

X  dj  t 


&  a  - 


~  Ml  “ 

S  8  - 


s  is 


i  « 

i  *• 

!  2  “  JJ- 

I  3 


g”b  £  * 
£  g  ! 


CM 

w 

© 

M* 

.53 

oa 

CM 

15 

<7> 

V 

.86 

•v 

© 

to 

l/J 

PI 

© 

CM 

1* 

© 

eo 

© 

O 

*r 

© 

M* 

© 

C7> 

© 

T 

© 

*r 

© 

X 

05 

© 

© 

CD 

X 

© 

© 

N 

m 

OT 

© 

iM 

C: 

tc 

“> 

l- 

01 

U) 

t- 

© 

1  - 

<D 

i- 

•c 

t> 

CD 

© 

© 

pi 

© 

© 

•o 

© 

© 

b 

© 

tD 

© 

OT 

uo 

OT 

»'S 

© 

OT 

cn 

t 

«o’ 

© 

«T’ 

© 

OT 

OT 

OT 

V 

i/j 

*T 

t5 

©’ 

-r 

© 

-r 

Cl 

«r 

CO 

l  * 

t- 

© 

© 

o 

Cft 

1- 

CD 

C 

00 

VO 

•n 

o 

CO 

Cl 

in 

co 

CD 

o 

in 

to 

•75 

on 

VO 

oo 

*r 

t- 

© 

•o 

© 

CM 

© 

l- 

© 

© 

© 

© 

© 

to 

oc 

CO 

Ot/ 

oo 

OT 

© 

l- 

o 

OT 

co 

© 

P 

© 

to 

CM 

PI 

OT 

«r 

© 

© 

"r> 

in 

© 

p 

© 

© 

a 

p 

t» 

O 

© 

« 

© 

V 

p 

7962 

© 

co 

p 

<71 

9) 

OT 

P 

p- 

© 

p 

a 

© 

0 

p 

© 

© 

o' 

o 

o 

o 

© 

© 

© 

© 

b 

© 

© 

r' 

© 

o’ 

© 

© 

© 

b 

© 

© 

© 

b 

b 

© 

© 

o 

CO 

CD 

on 

p* 

■J, 

m 

CD 

© 

© 

© 

f 

© 

x 

© 

«.n 

P 

© 

'lj 

© 

CO 

i- 

© 

© 

7> 

CO 

*-■ 

© 

© 

p 

© 

© 

© 

M1 

© 

c6 

© 

■M* 

oo 

on 

CO 

r— 

OO 

cr> 

*r 

b 

P4 

OT 

b 

t- 

*T 

J 

—I 

t- 

lO 

© 

OT 

OT 

«n 

OT 

m 

OT 

ot 

*T 

*r 

*T 

*T 

•v 

CD 

VO 

S 

O 

CO 

r- 

CD 

C4 

pi 

CM 

© 

ifj 

m 

CO 

<7i 

*n 

P 

© 

© 

ui 

*" 

t  4 

*■“* 

© 

UD 

© 

t— 

MO 

•ft 

M 

© 

0> 

-o 

P 

U1 

VO 

t- 

T 

VD 

CD 

CO 

to 

CO 

CO 

PM 

CM 

© 

p~« 

© 

an 

© 

© 

(s. 

t- 

b 

c 

X 

M* 

CO 

CO 

eo 

CO 

eo 

© 

CO 

© 

© 

© 

© 

pi 

CM 

© 

CM 

M 

p: 

© 

© 

© 

© 

C“ 

§ 

m 

O 

O 

CD 

co 

r~ 

OD 

© 

CM 

CO 

P 

© 

•D 

t- 

OT 

© 

© 

© 

© 

© 

CM 

© 

M' 

r- 

© 

»r 

CM 

OO 

m 

OT 

t- 

f- 

© 

© 

© 

© 

— * 

© 

a 

© 

,*3 

<D 

«n 

ub 

o 

o 

CM 

m 

»n 

© 

© 

CO 

n 

b 

© 

© 

*1* 

«r 

b 

OT 

© 

in 

»n 

© 

© 

© 

© 

© 

© 

© 

m 

»r. 

OT 

T 

O' 

o* 

T 

*r 

■v 

•r 

© 

© 

© 

© 

CO 

CO 

© 

c> 

Ji 

CD 

00 

OD 

© 

CO 

’t 

© 

© 

*r 

t- 

© 

00 

CD 

Ci 

cO 

VD 

-H 

© 

r- 

© 

t, 

© 

© 

*o 

OT 

o 

OO 

— • 

© 

© 

© 

© 

© 

© 

OT 

1/4 

P« 

© 

CM 

00 

*r 

t- 

•J 

b 

C- 

C. 

© 

— 

CM 

«jO 

© 

b 

co 

© 

b 

© 

OT 

b 

ci 

OT 

b 

X 

© 

© 

r 

n 

CO 

«r 

T 

*r 

TT 

CO 

M* 

x 

© 

O’ 

V 

© 

05 

•*r 

© 

© 

© 

© 

© 

© 

tr 

•30 

in 

, 

s 

Pl 

CO 

© 

•n 

CM 

CM 

i'- 

© 

© 

© 

© 

a 

«r 

© 

© 

© 

f 

© 

CO 

m 

P4 

t»> 

t.O 

on 

an 

© 

© 

C7, 

115 

© 

© 

OT 

© 

© 

© 

© 

p 

© 

© 

C M 

o 

<*> 

•sD 

© 

LO 

© 

CO 

-r 

P4 

© 

© 

© 

*r 

© 

© 

•-* 

00 

© 

o 

*-« 

© 

OT 

[- 

1- 

'*•■ 

i- 

sD 

t— 

t- 

r- 

r  - 

p* 

r- 

t- 

p 

i- 

*** 

1- 

i- 

p 

© 

© 

© 

t- 

P 

o 

© 

O 

C- 

O 

o 

O 

© 

© 

© 

© 

© 

© 

b 

© 

T> 

© 

© 

b 

© 

b 

© 

© 

© 

b 

© 

© 

© 

OT 

•o* 

«T 

Cl 

to 

*o 

© 

to 

© 

t r, 

t- 

© 

M 

© 

■r 

© 

i- 

CD 

Ci 

o 

© 

© 

II) 

o 

o 

CO 

»T 

CO 

to 

Ci 

© 

co 

c  - 

**• 

© 

n- 

CM 

Ci 

© 

© 

•*“ 

OT 

P 

OT 

© 

© 

«r 

M* 

CO 

o 

CD 

<T) 

04 

CM 

CC 

CM 

PJ 

CO 

© 

.i 

CM 

OT 

© 

■»r 

© 

© 

© 

OT 

OT 

b 

T 

*T 

*r 

wr 

CO 

T 

*r 

O’ 

O’ 

"T 

M" 

© 

O’ 

rp 

© 

© 

« 

© 

« 

© 

© 

O 

CO 

CD 

IT> 

co 

CO 

to 

eo 

W) 

CO 

© 

© 

« 

OT 

CM 

r- 

OT 

a 

P- 

OT 

© 

© 

to 

*T 

CO 

O 

a 

p> 

M0 

© 

oo 

© 

t- 

© 

© 

© 

OT 

P4 

© 

© 

to 

MT 

P 

© 

-r 

_ 

»n 

t- 

-  - 

_ 

CM 

<o 

CO 

_ 

CM* 

eo 

CM 

b 

© 

© 

© 

© 

© 

© 

b 

© 

b 

b 

b 

© 

© 

04 

C4 

CM 

PI 

M 

CM 

PM 

CM 

PI 

CM 

CM 

CM 

CM 

- 

P4 

PI 

© 

CM 

“ 

CM 

© 

o 

„ 

co 

CO 

t- 

CD 

Ol 

r- 

PI 

© 

CO 

■»r 

© 

tn 

© 

© 

© 

© 

2 

© 

© 

eo 

© 

© 

P- 

© 

M* 

l- 

<6 

CO 

1- 

04 

CO 

ID 

© 

t- 

© 

CM 

© 

© 

<n 

CM 

*r 

O’ 

© 

© 

© 

OT 

© 

a 

P- 

OT 

© 

M* 

O 

p* 

04 

r* 

CD 

CO 

tO 

co 

© 

© 

© 

© 

or 

OT 

OT 

CM 

© 

<r! 

CO 

© 

t- 

J, 

ci 

® 

CM 

»r 

CO 

■*r 

M* 

eo 

eo 

CO 

V0 

r' 

CO 

T 

CO 

© 

© 

« 

© 

-r 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

to 

«o 

o 

O 

o 

CM 

to 

© 

r- 

to 

p 

CM 

© 

CM 

© 

© 

© 

© 

© 

© 

OT 

P 

CO 

i.O 

•o 

T 

m* 

VD 

VD 

r- 

f* 

■M- 

•r 

■*r 

O’ 

*r 

© 

T 

© 

© 

~r 

© 

© 

M* 

§ 

o 

o 

O 

O 

o 

© 

© 

© 

o 

© 

OT 

*n 

© 

OT 

CO 

o 

<n 

o 

VD 

o 

© 

© 

U5 

© 

© 

© 

© 

OT 

CM 

© 

OT 

© 

OT 

CT> 

© 

OT 

© 

CO 

o 

i/5 

00 

o 

CO 

l- 

to 

TT 

© 

© 

OT 

© 

P 

T 

© 

© 

© 

OT 

Ci 

p 

© 

© 

*r 

O 

r- 

'D 

© 

CD 

CD 

© 

© 

© 

CD 

If. 

© 

tO 

© 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

▼ 

M* 

M* 

M* 

*T 

o 

o 

O 

o 

o 

O 

© 

© 

© 

© 

00 

oc 

OD 

00 

cc 

CO 

CO 

o 

*5 

eo 

ot 

X- 

or 

P 

1- 

P- 

C4 

© 

© 

© 

© 

© 

OT 

in 

OT 

CO 

CO 

CO 

CO 

CO 

b 

b 

b 

b 

b 

o 

•ri 

•P 

■n* 

M- 

OC 

an 

00 

OD 

© 

b 

M- 

r* 

•— 

1' 

f— 

r- 

t- 

r~ 

t- 

C.' 

© 

tD 

© 

© 

© 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

OT 

to 

CD 

§ 

o 

to 

o 

to 

CM 

© 

© 

© 

© 

© 

•— 

© 

OT 

© 

OT 

OT 

OT 

OT 

OT 

P- 

OT 

OT 

© 

OT 

OT 

(D 

*“* 

CM 

© 

to 

—i 

© 

*r 

© 

© 

OT 

© 

© 

© 

P- 

© 

© 

CD 

© 

t* 

© 

P 

*r 

*r 

*0 

O’ 

*r 

O* 

•r 

O' 

-r 

•T 

*r 

T 

co 

'J* 

O’ 

V 

CO 

to 

© 

© 

© 

© 

© 

© 

CO 

CO 

■*T 

o 

o 

O’ 

CD 

CM 

CM 

© 

© 

to 

to 

OT 

© 

cr 

© 

OT 

© 

P» 

CO 

■V 

CO 

CO 

eo 

*T 

eo 

O’ 

CO 

eo 

CO 

© 

© 

© 

© 

© 

© 

© 

© 

eo 

« 

© 

© 

© 

© 

© 

© 

CO 

o 

00 

t- 

oo 

O 

W 

CO 

CD 

© 

CO 

C. 

O 

M 

© 

© 

© 

© 

© 

o> 

04 

CM 

CM 

2 

CO 

CM 

© 

© 

2 

© 

f 

2 

2 

$  § 

CD 

CD 

to 

vD 

© 

© 

© 

© 

© 

© 

© 

*C 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

O 

O 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

o 

© 

O 

O 

© 

© 

O 

© 

© 

o 

b 

o 

b 

b 

b 

© 

b 

©' 

© 

b 

b 

b 

b 

© 

b 

b 

© 

b 

b 

b 

b 

© 

c 

© 

© 

© 

© 

«*• 

CO 

CO 

ro 

CO 

cO 

«o 

eo 

..o 

co 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

o 

© 

04 

t  4 

CM 

CM 

CM 

Cl 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

© 

© 

OT 

OT 

OT 

OT 

OT 

OT 

•«r 

*r 

-t 

"T 

*T 

•»r 

V 

«r 

O’ 

CO 

© 

© 

© 

© 

© 

•— • 

»-« 

t- 

P 

t- 

P- 

1 

1 

i 

i 

1 

1 

1 

r 

i 

■ 

i 

t 

+ 

-»■ 

4- 

bt  st  to  to  x  c  bcbCiftnxaobCUbCtom® 

flCCCCC  'CCC  C  C  £  —  c  C.  C.C  r  cc^ccs^ccc 

t~  H  r-  (■•  f-Hp  r  t-  f- 


o  o  —  'r  ^  t  -  r-  -r  tn  i*  oj  m  — 

CJ  •  Cl  -  ■H  "  N  W  04  N 

OsJOw*  uoOooouuuo 
xxxxxxxxxxxxxx 


©  ©  ©  ro  O 

O  U  O  U  O  O  O  U  O  O  O  U  J  O  *>  L  O 
xxxxxxxxxxxxxxxxx 


Note:  All  K[c  values  shown  in  this  table  were  obtained  from  nonstandard  ASTM  specimens. 


TEMPERATURE,  *F 


Figure  21 


Variation  of  Pla  e  Stress  Fracture  Toughness  (K( 
Tempcrature  for  X2021-T8  E31  Aluminum  Alloy 
Center  Notched  (CN)  Specimens 


TEMPFRATURE,  *F 


Figure  22.  Variation  of  Plane  Strain  Fracture  Toughness  (Kjc) 
With  Temperature  for  X2021-T8  E31  Aluminum 
Alloy  Using  Center  Notched  (CN)  Specimens 


others  for  the  titanium  and  7039  aluminum  alloys)  were  handled  somewhat  differently 
with  regard  to  center  notch  preparation.  The  calibration  specimens  were  not  fatigue 
cracked  prior  to  test.  Instead,  the  electrical  discharge  notch  was  cut  to  a  shorter 
original  length.  A  given  static  load  was  applied  to  the  specimen  and  a  load -deflection 
trace  was  obtained.  The  specimen  was  then  removed  from  the  test  machine  and  the 
notch  length  was  increased  by  electrical  discharge  machining.  The  specimen  was  re¬ 
turned  to  the  test  machine,  the  previous  load  was  applied,  and  a  new  load-deflection 
curve  was  obtained.  This  procedure  was  repeated  until  three  curves  were  obtained. 

At  that  point,  the  machine  notch  was  extended  one  more  time  and  the  specimen  was 
tested  to  failure  as  in  the  other  center  notched  tests.  Consequently,  four  curves  were 
obtained  that  reflected  compliance  variation  with  notch  length.  In  most  cases,  the 
final  Kjc  and  Kc  values  obtained  from  the  machine  notched  specimens  are  greater  than 
those  obtained  from  the  fatigue  crack  extended  specimens.  It  must  be  concluded  that 
machine  notching  provides  an  artificially  high  fracture  toughness  value  and  either:  1) 
should  be  discarded,  or  2)  Kjc  should  be  modified  downward  to  avoid  unconservative 
answers. 


Furthermore,  at  -423°F  such  a  calibration  is  no  simple  task.  At  least  one  test  to  fail¬ 
ure  must  be  performed  prior  to  calibrating  in  order  to  establish  a  suitable  load.  If  the 
selected  load  is  too  low,  the  output  of  the  compliance  gage  will  be  so  small  that  large 
errors  are  highly  probable.  If  the  load  is  too  large,  premature  crack  extension  or 
even  failure  can  result. 

Prior  to  embarking  on  the  fracture  mechanics  testing  in  this  program,  Convair  division 
made  a  number  of  pilot  tests  on  similar  materials  (same  alloys  but  different  heats  and/or 
thicknesses)  to  study  the  calibration  proolem.  In  order  to  overcome  the  problem  of 
comparing  a  machine  notched  calibration  curve  to  a  fatigue  cracked  static  specimen,  a 
slightly  different  technique  was  used.  Center  notched  (and  several  SEN)  specimens  were 
prepared  with  a  short  electrical  discharge  machined  notch  that  was  extended  by  fatigue 
cracking.  At  this  point,  the  regular  calibration  technique  was  followed  except  that  sub¬ 
sequent  crack  enlargement  was  performed  by  fatigue  cycling  (at  room  temperature) 
instead  of  machine  notching.  The  results  were  quite  erratic.  The  compliance  of  a 
fatigue  cracked  specimen  was  less  than  for  a  machine  notched  specimen,  resulting  in 
a  difficult  measurement  problem.  Frequently  it  appeared  that  the  compliance  with  a 
larger  crack  length  was  less  than  the  shorter  crack  length  (but  not  consistently  so). 

Two  possible  explanations  for  this  anomaly  are:  1)  the  noise  in  the  instrumentation  ex¬ 
ceeded  the  output  due  to  compliance,  and  2)  the  material  changed  due  to  fatigue  cycling. 
Another  difficulty  resulted  from  the  problems  associated  with  detection  and  characteri¬ 
zation  of  the  fatigue  crack  itself.  It  was  not  possible  to  be  absolutely  sure  of  the  visu¬ 
ally  detected  crack  length  until  after  fracture  of  the  specimen.  Even  then,  only  the 
final  fatigue  growth  could  be  determined  with  accuracy.  Electron  microscopy  was 
used  to  evaluate  the  fatigue  growth  with  some  success,  but  determination  of  sequential 
crack  lengths  was  impossible.  (Typical  electron  fractographs  are  shown  in  Appendix 
II  of  this  report. ) 
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Although  this  experiment  was  not  totally  successful,  the  possibility  of  adequate  fatigue 
crack  growth  calibration  should  not  be  abandoned.  The  machine  notch  calibration 
technique  is  incompatible  with  fatigue  crock  extended  specimens.  Subsequent  to 
these  experiments,  Convair  division  has  achieved  some  success  with  determination 
of  crack  lengths  utilizing  sophisticated  nondestructive  testing  equipment.  This 
technique  is  expensive  and  time  consuming  but  does  offer  a  glimmer  of  hope  for  the 
future. 

The  net  fracture  stress  of  the  7039-T64  aluminum  alloy  exceeded  the  yield  strength  of 
the  material  in  virtually  all  tests  (Table  XI).  As  in  all  other  materials  tested,  the  rnt 
stress  at  pop-in  was  well  below  the  yield  strength  of  the  material  at  -423°  F.  Again  the 
calibration  test  specimens  (3LC-04,  3TC-03)  provided  significantly  higher  plane  strain 
fracture  toughness  values  although  the  Kq  values  were  somewhat  lower  than  the  average. 

The  plane  strain  fracture  toughness  values  are  in  general  agreement  with  D'Annessa 
(Reference  11)  who  tested  7039-T6,  0. 160-inch  plate  at  liquid  helium  temperature. 

Others  have  reported  values  of  less  than  50  ksi  vlru  (uncorrected  for  plastic  zone)  at 
-423° F  (Reference  8),  using  a  4-inch-wide  center  notched  specimen.  The  same  report 
showed  that  Kc  increases  with  an  increase  in  specimen  width  up  to  18  inches  at  room 
temperature.  If  these  data  may  be  extrapolated  to  -423° F,  the  3-inch-wide  specimen 
should  show  a  lower  Kc,  Sn  ce  it  did  not,  it  appears  that  the  T64  temper  is  tougher 
than  T6, 

The  two  titanium  alloys  were  the  only  materials  tested  hi  the  center  notched  program 
whose  net  fracture  stresses  were  significantly  below  yield  strength  at  -423°F  (Table 
XI).  Nevertheless,  the  calibration  test  specimens  provided  higher  fracture  tough¬ 
ness  values  than  the  other  specimens  in  the  groups.  The  Ti  5Al-2.5Sn  (ELI)  material 
shows  higher  Kc  and  Kjc  values  than  does  the  Ti  6AI-4V  (ELI)  at  this  test  temperature. 

Eitm&n  and  Rawe  report  comparable  Kc  values  (from  89  to  102  ksi  i/fiu)  for  0.020- 
inch-thick,  16 -Inch -wide  Ti  5Al-2.5Sn  (ELI)  sheet  at  -423?  F. 

b.  Single  Edge  Notch  (SEN)  Tests.  SEN  tests  were  performed  at  the  same  test 
temperatures  as  were  the  center  notched  and  mechanical  properties  tests  as  follows: 

(1)  INCO  718  (aged).  Room  temperature,  -110°F,  -320°F,  -423°F.  Five  each, 
longitudinal  and  transverse  at  each  temperature. 

(2)  X202 1-T 8  E31  Aluminum  Alloy.  Room  temperature,  -ll(fF,  -320°F,  -423°F. 
Three  each  longitudinal  and  transverse  at  each  temperature. 

(3)  All  Other  iuioys ,  -423°F  only.  Five  each  longitudinal  and  transverse  at  one 
temperature. 
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Catibrttioa  Values 


The  teat  technique  and  determination  of  pop-in  were  identical  to  the  center  notched  pro¬ 
tram  except  that  plane  strain  fracture  toughness  only  was  obtained.  As  before,  gross 
stress  and  net  stress  were  calculated  at  pop-in,  prior  tc  determination  of  Kjc'  (Tables 
XI!  to  £IV).  A  plastic  zone  correction  was  calculated  and  was  used  to  obtain  a  correc¬ 
ted  plane  strain  fracture  toughness,  Kjc.  t  stated  otherwise,  the  term  "plane 

strain  fracture  iouglmesio"  will  refer  to  Kjc.) 


For  INCO  718  (aged)  as  for  all  o*her  alloys  tested,  the  net  stress  at  pop-in  was  sub¬ 
stantially  below  the  yield  strength  of  the  material  (e.g.  ,  at  -423°  F,  a  longitudinal  net 
stress  of  108  ksi  compared  to  the  yield  strength  of  208  ksi)  at  all  t^st  temperatures. 
Generally,  0. 5  <7  g  for  virtually  all  tests. 


Load- deflection  traces  for  the  INCO  718  (aged)  were  the  most  erratic  of  all  curves 
obtained  under  this  program.  In  fact,  the  plane  strain  fracture  toryhness  of  this  ma¬ 
terial  showed  so  much  scatter  at  -423°  F  (range  of  116  to  143  ksi  /inT,  compared  to  the 
CN  average  of  164)  that  two  extra  specimens  were  tested  to  verify  the  other  results. 
The  results  of  all  seven  tests  are  shown  in  Table  XII. 


Nevertheless,  the  variation  of  plane  strain  fracture  toughness  with  temperature  is  in 
agreement  with  the  trend  demonstrated  by  the  center  notched  tests;  the  fracture  tough¬ 
ness  of  INCO  718  (aged)  increases  with  a  decrease  in  temperature.  Again,  the  scatter 
should  be  noted  (Figure  23).  Longitudinal  Kjc  varies  from  125  at  -423°  F  to  77  at  75°  F. 

The  X2021-T8  E31  aluminum  alloy  shows  the  same  sort  of  trends  noted  in  the  INCO  718, 
except  that  scatter  was  somewhat  more  favorable  (Table  XHI),  Again,  the  unmistakable 
trend  is  that  the  plane  strain  fracture  toughness  of  this  material  increases  with  a  de¬ 
crease  in  temperature  (Figure  24).  The  net  stress  at  pop-in  was  slightly  less  than  50 
percent  of  yield  stress  for  all  test  temperatures. 

Plane  strain  fracture  toughness  values  obtained  for  the  2219  and  7039  aluminum  alloys 
are  quite  similar  (Table  XIV).  However,  evaluation  of  the  7039  load-deflection  curves 
was  somewhat  more  difficult  than  evaluation  of  the  2219  curves.  Net  stresses  and 
gross  stresses  of  these  two  aluminum  alloys  also  show  marked  similarity  at  -423°F. 

The  net  stress  at  pop-in  for  both  of  the  titanium  alloys  is  less  than  30  percent  of  the 
yield  strength  at  -423*?  (Table  XIV).  However  the  net  stress,  gross  stress,  and  plane 
strain  fracture  toughness  of  the  Ti  5A1-2.5  (ELI)  are  higher  than  the  correspondir 
values  of  the  Ti  6A.I-4V  (ELI).  Despite  this  difference,  there  is  nothing  to  indicate 
that  the  Ti  8A1-4V  (ELI)  is  brittle  at  -423°  F,  despite  the  fact  that  poor  notch-unnotch 
tensile  ratios  were  observed  during  mechanical  properties  tests. 

Tiffany  (Reference  12)  reports  slightly  lower  valuer  (45  to  58  ksi  \ftn7)  for  Ti  5Al-2.5Sn 
(ELI)  in  center  notched  sheet  specimens,  0, 188-inch  thick  by  14  inches  wide. 


63 


Table  XII 

Plane  Strain  Fracture  Tougness  (KJc)  for  INCO  718  (Aged)  Using  Single  Edge 
Notch  (SEN)  Specimens 
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Note:  All  Kjc  values  shown  in  this  taMe  were  obtained  ftom  nonstandard  ASTM  specimens. 


Table  Xlil 

Plane  Strain  Fracture  Toughness  (K^  for  X2021-T8  E31 
Aluminum  Alloy  Using  Single  Edge  N^tch  (SEN)  Specimens 
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Table  XTV 

Plane  Strain  (Kjc)  Fracture  Toughness  for  Single  Edge 
Notch  (SEN)  Specimens  at  -423*  F 


Specimen 

Number 

Teel 

Direction 

Th'ck- 
nes*,  B 
<1(1.* 

Width 

(In.) 

•o 

(in.) 

Pop-ln 
Load,  P 
(L) 

Yield 

Strength,  oyH 
(ksl) 

KIc' 

(k*i  ,/In!) 

Gro«» 
Strei*.  o 
Oct)  ° 

Net 

8tre*», 
(k*i)  N 

Corrected 
*  Kjc 

(In. )  (ltd  JJn. ) 

9L21 

Long. 

0.1227 

0.480 

0.200 

2219- 

1. 15? 

-T81  Aluminum  Alloy 

67.40  33.80 

19.  16 

32. 375 

0.2133 

37.11 

8L18 

Long. 

0. 1227 

0.480 

0.190 

1.  170 

67.40 

33.215 

19.  *7 

32.  88 

0.  2029 

36.47 

9L01 

Long. 

0. 1226 

0.500 

0.210 

1  118 

67.40 

33.  t>6 

18.  4 

31.45 

0.  2234 

37.06 

i)L03 

Long, 

0  1224 

0.500 

0. 190 

1. 180 

67.40 

31.09 

19.  *:8 

31  IP 

33. 7u 

dull 

****** 

. 

3.25C 

1.1  tc 

•  liiv 

M.  IQ 

U.57 

30.94 

0.2121 

34.97 

9T1S 

Tran* 

0.  1222 

0.500 

0.240 

0.  810 

67.20 

29.97 

13.26 

25.49 

0.2506 

31.99 

9T20 

Trans. 

0. 1222 

0.  480 

0.200 

1.256 

87.20 

38.57 

21.45 

36.77 

0.2175 

43.59 

ST14 

Tran*. 

0. 12:'  1 

0.480 

0. 180 

1.310 

37.20 

34.62 

22.32 

35.70 

0.  1941 

38.45 

9T15 

Tran*. 

0. 1220 

0.500 

o.  no 

1.3*2 

67.20 

31.  c: 

22. 33 

33.83 

0,  1813 

33.78 

9TU 

Tran*. 

0. 1226 

0.500 

0.210 

*.140 

67.20 

34.53 

18.60 

32.  06 

0.  2240 

37.94 

3L07 

Long. 

0.1213 

0.  48C 

0.200 

703'’ 

1.088 

-T84  Aluminum  Alloy 

62.20  32.99 

18.  34 

31.65 

0.2149 

36.63 

3L1G 

Long. 

1212 

9.  .90 

0.  180 

1.121 

82.20 

28.77 

18.88 

29.  84 

0. 1913 

31.29 

3  LI  3 

Long . 

0.1212 

0.500 

0. 190 

1.201 

62.20 

31.95 

19.82 

31.97 

0. 2040 

35.30 

3L24 

long. 

0. 1212 

0.480 

0. 190 

1. 130 

e*  ?o 

32.48 

19.42 

32.15 

0.  2045 

36. 06 

3L09 

Long. 

0.1212 

0.‘80 

0.  200 

1.214 

62.20 

37.53 

20.  87 

35.77 

0.2193 

42.94 

3T05 

r*  ns. 

0. 1212 

0.500 

0.210 

1, 100 

#4.  40 

33.70 

18. 15 

31.30 

0.2245 

37.1* 

3Ti4 

Tran*. 

0. 1215 

0.500 

0.200 

1.020 

64.40 

22.08 

16.79 

27.98 

0.2108 

31.35 

3T07 

Trane. 

0.1213 

0.490 

0. 220 

0.  840 

64.40 

28.63 

14.13 

25.60 

0.2306 

30.68 

3T17 

Trans. 

0. 1214 

0.490 

0.200 

0.999 

64.40 

29.63 

18.79 

28.39 

0.2112 

32.05 

3T10 

Trin*. 

0, 1214 

0,  *'VJ 

0.  100 

1.906 

64.40 

25.35 

31.40 

19.25 

0.1082 

26.98 

sun 

Long. 

0.0592 

0.510 

0.210 

Titanium  5  A1  -2.580 
0.962  213.0 

<EU> 

58.  07 

31.86 

54.17 

0.2139 

5“  54 

5U>9 

i^ong. 

0.0591 

C.  490 

0.210 

1.020 

213.0 

66.66 

35.22 

61.64 

0.2152 

69.08 

5U1 

Long. 

0.0593 

0.480 

0.  200 

0.950 

213.0 

<0.02 

33.38 

57.22 

0.  2042 

6i.ee 

5L15 

taaig. 

O,0&90 

0.480 

0.200 

1.00 

213.0 

<3.50 

35.31 

50.  53 

0.20*; 
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SUM 

Long. 

0.  0592 

0.  480 

0.  190 

1.  060 

513.0 

62.37 

37.30 

61.74 

0.  194* 

9*.  49 

5T03 

Tran*. 

0.0642 

0.  5  00 

0.  200 

1.070 

210.0 

57.73 

33.33 

55.56 

0.204 

59.38 

5T10 

Trtn*. 

0.0642 

0.500 

0.  200 

1.  160 

210.0 

<2.58 

36.14 

*0.23 

0.  2047 

64.69 

5T!2 

Tran*. 

0.  065' 

0.500 

0.200 

1.060 

210.0 

57.  11 

32.9* 

54. N 

0.  2039 

5  .71 

5T14 

Tran*. 

0, 0554 

0.500 

C  220 

1.039 

210.0 

63.06 

31.  74 

56.68 

0.  2248 

65.09 

5T22 

Tran*. 

0.  064? 

0.490 

0.  200 

1.090 

210.0 

«P.i* 

34.38 

33.00 

0.  2044 

*2.59 

6  LOT 

Long, 

0.0632 

Q.4^* 

0.300 

Titanium  6AI-4V  (Eli) 

0.922  246.0  5  3.37 

30.25 

51.  11 

0. 203 

54.33 

6L10 

Long. 

0.0632 

0.  500 

0.  HO 

0.988 

246.0 

j*.  a 

30,  32 

43.31 

P.  151 

36.43 

3U2 

long. 

0.0635 

0.500 

0.  200 

0.950 

346.0 

51.82 

29.92 

49.87 

0,  202 

52.69 

«U4 

leOng. 

0, 0626 

0.  500 

0.  200 

0.  NO 

246.0 

53.  12 

30.97 

51. 12 

0,  209 

54.05 

8  US 

0.9629 

0.500 

0.  200 

C.  912 

246.0 

50.12 

29.00 

41.33 

0.202 

51.01 

«T27 

Tran*. 

0.0614 

O.  ,\00 

0.  200 

0.  925 

349.0 

52  18 

30. 13 

50.22 

0.  202 

53.04 

*T» 

Tran*. 

0.0622 

0.500 

0.  200 

0.  NO 

349.0 

53.  46 

30.  47 

51.  45 

0.  202 

54.J# 

«W 

Tr»n*. 

0  0622 

0.  4*0 

0.  190 

0  97J 

249.  0 

52.  40 

31. 9? 

92.  14 

0. 192 

53.30 

«tm 

Tran*. 

0.0*18 

0.560 

0.200 

0.920 

349.9 

51. 56 

29.  77 

49. 63 

0.202 

52.40 

«T0» 

Tran*. 

0.0632 

0.500 

0.210 

0. 117 

24*  * 

57.  99 

31.23 

53.  S* 

0.213 

55.14 

Note  All  KJc  v*I.ucj  rtwwn  in  thit  ublr  were  obtained  from  rwnKandard  ASTM  ipcclmem. 
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Figure  23.  Variation  of  Plane  Strain  Fracture  Toughness  (Kjc)  With 
Temperature  for  INCO  718  (Aged)  Using  Single  Edge 
Notch  (SEN)  Specimens 
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Figure  24.  Variation  of  Plane  Strain  Fracture  Toughness  (Kj,,  With 
Temperature  for  X2021-T8  £3!  Aluminum  Alloy  Usio£ 
Single  Edge  Notch  (SEN]  Specimen* 
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3 .  COMPARISON  OF  SPECIMEN  CONFIGURATIONS  FOR  OBTAINING  PLANE  STRAIN 
FRACTURE  TOUGHNESS.  Some  attempt  has  been  made  to  relate  plane  strain  to  plans 
stress  by  Irwin  and  others.  In  addition,  Hahn  and  Rosenfieid  (Reference  13)  have  suc¬ 
cessfully  related  Kjc  with  tensile  properties  for  various  materials  at  room  temperature, 
utilizing  the  strain  hardening  exponent.  (Strain  hardening  exponents  were  not  obtained 
in  the  precent  program.) 

The  values  in  this  program  should  permit  comparison  of  Kjc  values  as  obtained  by 
SEN  and  CN  specimens,  although  the  specimen  configurations  probably  violate  sever*1 
recommendations. 

In  all  cases  the  average  coi .  cted  Kjc  obtained  through  use  of  CN  teste  was  signifi¬ 
cantly  higher  than  those  obtained  in  the  SEN  tests.  Since  the  plane  strain  fracture 
toughness  is  a  lower  limiting  value  of  crack  intensity  factor,  Kj,  it  would  appear  that 
the  SEN  specimens  are  more  likely  to  be  true  values.  In  some  cases  there  was  an  over¬ 
lap  ir  the  range  of  data  at  a  particular  temperature.  (For  example,  the  CN  and  SEN 
results  at  -423° F  for  X2021  show  several  similar  results.) 

On  the  other  hand,  the  differences  in  Kjc  between  the  two  test  specimens  for  INCO  718 
were  consistently  high,  ranging  from  29  to  46  percent.  The  closest  agreement  was  for 
the  2021  alloy  at  -423°F,  where  the  average  values  were  14  and  10  percent  higher  for 
CN  than  SEN  tests  (longitudinal  and  transverse  respectively).  It  is  conceivable  that  the 
results  at  other  test  temperatures  could  have  had  better  agreement  for  the  X2021  alumi¬ 
num  If  more  than  three  replicate  tests  were  run. 

Some  suggest  that  the  most  valid  data  come  from  tests  where  the  ffw/ffys  ratio  is 
smallest.  In  this  program,  the  lowest  (uy  fa*)  net  fracture  stress/yield  stress  ratios 
were  fc .  the  two  titanium  alloys  at  -423°F,  Differences  in  Kjc  for  these  materials 
ranged  from  15  to  24  percert.  However,  at  -423°F,  the  net  fracture  stress  was  ap¬ 
proximately  equal  to  the  yield  stress  for  the  2021  aluminum  (CN  tests),  yet  the  differ¬ 
ences  in  Kjc  were  14  and  10  percent  for  the  longitudinal  and  transverse  grain  directions. 
Af>oarently  trN/cTyS  ratios  have  no  direct  relationship  to  the  accuracy  of  the  Kjc  values. 
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SECTION  VU 


CONCLUSIONS 

The  overall  objective  of  this  program  was  to  obtain  comparative  fracture  data  for  six 
sheet  alloys  for  usage  at  cryogenic  temperatures.  Tensile  and  notched  tensile  proper¬ 
ties,  as  well  as  plane  stress  and  plane  strain  properties  were  obtained  for  the  follow¬ 
ing  alloys  at  -423°  F: 

Titanium  5Al-2,5Sn  (ELI) 

Titanium  6A1-4V  (ELi) 

INCO  718  (Aged) 

X2021-T8  ESI  Aluminum 
2219-T81  Aluminum 
7039-T64  Aluminum 

In  addition,  strength  and  fracture  properties  were  obtained  for  INCO  718  and  X2021 
aluminum  at  room  temperature,  -110°  F,  and  -320°  F. 

Sufficient  tensile,  notched  tensile,  center  notched,  and  single  edge  notched  specimens 
have  been  forwarded  to  the  Air  Force  Materials  Laboratory  to  permit  testing  of  five  of 
the  alloys  (all  except  INCO  718)  at  room  temperature,  -110° F,  and  -S2G°F,  In  addition, 
two  calibrated  strain  gaged  compliance  gages  were  also  sent  to  the  AFML  to  aid  in 
fracture  testing. 

1.  As  expected,  the  ultimate  tensile  strength,  yield  strength,  and  notched  strength  of 
INCO  718  (aged)  increased  with  decreasing  temperature.  The  same  general  trend 
continued  for  fracture  properties,  including  net  fracture  stress,  plane  stress,  and 
plane  strain  fracture  toughness  for  both  types  of  specimens  used.  The  notch- 
unnotch  ratio  of  the  mater  ial  dropped  to  tlightly  below  unity  at  -423°F. 

2.  The  new  X2021-T8  E31  aluminum  alloy  also  showed  increased  properties  with  a 
decrease  in  temperature.  The  notch-unnotch  tensile  ratio  (Kj  =  6.3)  was  just  less 
than  unity  at  all  test  temperatures.  The  elongation  and  all  fracture  properties  also 
increased  with  a  decrease  in  temperature.  This  material  appears  to  bo  a  promising 
alloy  for  use  in  cryogenic  applications. 

3.  Except  for  the  titanium  alloys,  the  3-inch-wide  center  notched  specimens  provide 
net  fracture  stresses  that  exceed  80  percent  of  yield  strength  for  the  two  thicknesses 
tested  (B  =  0.063  ,  0.125). 

4.  The  net  stress  at  pop-in  was  well  below  yield  strength  for  all  alloys  and  temper¬ 
atures  tested  in  this  program. 


VI 


5.  In  all  cases  in  this  program,  the  average  Kjc  (corrected  for  plastic  zone)  was 
significantly  larger  when  obtained  from  the  center  notched  specimens  as  opposed 
to  those  obtained  by  use  of  the  single  notched  specimen. 

6.  Reasonable  load-deflection  curves  can  be  obtained  from  1/2- inch-wide  single  edge 
notched  (SEN)  specimens  at  -423”  F.  While  determination  of  pop-in  is  not  simple, 
It  appears  that  reasonable  results  can  be  obtained  by  careful  experimentation, 
providing  that  suitable  compliance  gages  are  available. 

7.  Determination  of  pop-in  requires  use  of  engineering  Judgment  even  if  a  graphic 
method  is  utilized.  The  so  called  tangent  or  secant  methods  are  practical,  al¬ 
though  some  Judgment  is  still  required. 


SECTION  vm 


RECOMMENDA  TTONS 

1.  It  is  suggested  that  the  secant  method  of  determination  of  the  pop-in  value  for  Klc 
as  suggested  by  Brown  and  Srawley  be  tried  for  the  remainder  of  the  tests  to  be 
performed  by  the  AFML.  In  addition,  the  methods  used  in  this  program  should  be 
used  for  a  direct  comparison. 

2.  If  the  calibration  method  of  determining  KIc  is  to  be  continued,  it  would  be  wise  to 
work  out  a  precise  technique  utilizing  nondestructive  test  methods  for  determination 
and  characterization  of  fatigue  crack  extension  prior  to  applying  the  calibration 
loads. 

3.  In  view  of  the  number  cf  public  Aliens  appearing  recently  suggesting  various  techni¬ 
ques  and  relationships  of  fracture  toughness,  it  seems  prudent  to  search,  record, 
analyze,  and  disseminate  information  on  all  recent  literature.  Although  some 
agencies  have  published  document?  containing  data,  little  work  has  been  done  in 
the  area  of  analysis  of  existing  data  or  substantiation  of  existing  theories  or 
techniques. 
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APPENDIX  I 

CALIBRATION  OF  CENTER  NOTCHED  SPECIMENS 

An  attempt  was  made  to  calibrate  some  of  the  center  notched  specimens  at  -423°  F  in 
the  manner  of  Boyle  (Reference  14).  This  technique  was  conducted  as  follows: 

1.  A  machine  notch  0.77  inch  long  was  cut  in  the  tensile  specimen. 

2.  With  the  co  npliance  gage  installed,  the  specimen  was  loaded  to  a  given  load,  less 
than  the  fracture  load. 

3.  The  specimen  was  unloaded  and  the  notch  was  extended  to  1.00  inch. 

4.  St*p  2  was  repeated. 

5.  Again,  the  specimen  notch  was  extended,  this  time  to  1.25  inches. 

6.  Step  2  was  repeated. 

7.  Finally,  the  notch  was  extended  to  1.45  inches. 

8.  With  tho  compliance  gage  installed,  the  specimen  was  loaded  to  failure. 

Using  the  four  load-extension  curves  obtained  from  the  previous  technique,  a  plot  was 
made  as  follows: 

7T  ft 

1.  Determine  for  each  noteh  length. 

E  v 

2.  Calculate  — — 

O  W 

where  a  =  one-half  the  notch  length 
W  <*  specimen  width 
a  -  gross  stress  at  the  given  load 
v  «  extension  at  the  given  load 

„  ffa  ,  Ev 

3.  Plot  “  against  — 

This  procedure  differs  from  Boyle's  in  that  the  total  extension  of  the  compliance  gage  is 
used  (at  the  preselected  load),  Boyle  used  one-half  of  the  deflection  of  an  extensotneter 
over  a  2*inch  gage  length.  The  compliance  gage  in  the  present  program  had  a  gage  length 
of  about  1/4-inch.  There  were  two  reasons  for  using  the  entire  output  of  the  compliance 
gage,  namely  1)  to  obtain  as  much  deflection  as  possible  in  order  to  more  nearly  dupli¬ 
cate  Boyle's  work,  and  2)  to  minimize  errors  due  to  slight  w.latlcns  in  location  of  this 
small  gage.  Since  this  is  a  calibration  to  be  used  for  other  tests,  the  actual  length  io 
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APPENDIX  n 


FRACTOORAPHY 

INTRODUCTION,  Each  of  the  six  alloys  tested  in  this  program  was  examined  under 
light  and  electron  microscopes.  Fracture  surfaces  of  the  alloys  were  replicated  and 
photographed  under  the  electron  microscope. 

A  failure  in  the  loading  pin  hole  areaofanlNCO  718  center  cracked  specimen  prompted 
an  examination  of  the  leading  edge  of  the  crack.  Under  a  light  microscope  it  was  de¬ 
termined  that  the  lead^g  edge  of  the  crack  was  actually  two  cracks  forking  away  from 
the  original  single  crack.  It  was  noted  that  the  net  stress  at  the  failure  of  the  grip  of 
the  specimen  exceeded  the  net  fracture  stress  of  virtually  all  of  the  other  similar  speci¬ 
mens.  It  appears  that  when  the  crack  splits  into  two  cracks,  the  stresses  at  the  tip  of 
crack  redistribute  themselves,  lowering  the  local  stress  concentration  factor.  As  a 
coasequ  ice  the  ultimate  gross  stress  is  increased. 

ELECTRON  MICROSCOPY.  Fractured  surfaces  were  examined  in  several  areas  of 
interest,  namely:  1)  fatigue  cracked  area.  2)  static  cracked  area,  and  3)  the  transition 
between  the  fatigue  and  static  crack.  The  INCO  718  nickel  alloy  and  2021  aluminum 
alloy  fractures  were  examined  for  each  test  temperature.  Fractures  at  -423°  F  were 
examined  for  all  other  alloys. 

Electron  iractographs  for  the  2021  alloy  were  similar  for  each  of  the  test  temperatures. 
Each  of  the  three  areas  (fatigue,  transition,  static  crack)  is  shown  for  room  temper¬ 
ature  tests  in  Figure  20.  Fatigue  crack  growth  is  readily  detected  in  the  parallel 
strlations  in  the  photographs.  \s  usual,  fatigue  planes  bend  toward  discontinuities  and 
are  not  necessarily  parallel  from  aren  to  area.  The  transition  rone  is  quite  clear, 
with  strlations  stopping  abruptly  and  dimples  appearing  shortly  thereafter.  The  static 
crack  area  is  normal,  showing  a  somewhat  ductile  dimple  pattern  throughout. 

Examination  of  the  2219-T81  aluminum  alloy  was  made  for  tests  performed  at  -423°  F 
only.  The  results  (Figure  27)  show  the  same  kind  of  patterns  in  the  static  cracked 
area  but  with  much  finer  fatigue  strlations  than  were  detected  in  the  2021  alloy.  Since 
stria! ions  'or  the  X2021  were  consistent  for  different  tempers^rrea,  there  should  be  no 
temperature  effect  for  this  class  of  alloys.  This  characteristic  should  be  examined 
more  carefully  after  other  tests  are  performed  by  the  AFML. 

Fractographs  for  the  7039-T64  aluminum  alloy  (not  shown)  are  very  similar  to  those 
for  the  2021  material. 

Titanium  6A1-4V  (ELI)  was  also  examined  for  tests  performed  at  -423°  F  (Figure  28). 
Again,  the  static  crack  portion  is  normal  and  predictable.  In  this  case,  however,  the 
fatigue  strlations  are  quite  wide  (coarse)  and  s  unewhat  random  In  direction.  Never¬ 
theless,  the  transition  zone  is  easily  detectable. 
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The  fractured  surfaces  obtained  from  Titanium  5Al-2.5Sn  (ELI)  specimens  (Figure 
29)  tested  at  -423°F  are  very  similar  to  those  of  the  Ti  6A1-4V  alloy  except  that  the 
fatigue  striations  are  more  orderly  and  finer. 

As  in  the  2021  series,  the  fractured  surfaces  of  the  INCO  718  were  similar  for  each 
test  temperature.  Fractographs  for  the  material  test  at  -423°F.  shown  in  Figure  30, 
again  show  normal  fatigue  striations  and  static  fractured  surfaces. 


f  j*“  ~i 


Figure  26.  Electron  Fractographs  for  X2021  Aluminum  A’loy  at 
Room  Temperature 


Figure  27.  Electron  Fractographs  of  2213-T81  Aluminum  Alloy  at  -42 3° F 
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Figure  28.  Electron  Fractographe  of  Titanium  CA1-4V  {ELI)  at  “423°  F 


Figure  29.  Electron  Fractographs  of  Titanium  5AJ~2,5Sn.  (ELI)  at  -423°  F 


Figure  30  Electron  Fractographs  of  INCO  718  (Aged)  at  -423°  F 
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